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ABSTRACT 

By 
Bita Kianian 

Master of Science in Biomedical Engineering 

University of California, Irvine, 2017 

Professor Bernard H. Choi, Chair 

Port wine stains (PWS) are congenital vascular malformation of the skin that occur in 3-4 infants 

per 1000 live births. A major factor that contributes to treatment failures of Port wine stain 

(PWS) birthmarks is reperfusion of photocoagulated blood vessels due to wound healing 

response. The study of physiological processes that govern the microvasculature plays a major 

role in our ability to discover solutions toward enhancement of the current treatments to port 

wine stain and many other diseases. The functionality of microvasculature and their response to 

external influences is difficult to assess with the traditional analysis techniques such as histology. 

The work described in this thesis aims to provide a microvascular optical functional imaging 

solution specifically designed for use with the rodent dorsal window chamber models.  

Our microvascular imaging system was designed to obtain images with three different imaging 

modes: Laser speckle imaging (LSI), Multispectral Imaging/Oxygenation imaging (MSI/O2I) 

and Fluorescence imaging (FI). Each of these imaging techniques provides information about the 

different aspects of microvessels. LSI is utilized to measure the relative changes in blood flow, 

MSI enables computation of hemoglobin saturation maps, and FI highlights biochemical 

processes active in a subject. Our analysis showed that the developed imaging system that 

combines different imaging techniques could be used as a valuable tool to assess the behavior of 

microvessels over time in response to external factors.  
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CHAPTER 1 –Background and Significance 

1.1- What is a port wine stain? 

Port wine stains (PWS) are a congenital vascular malformation of the skin that occur in 3-4 

infants per 1000 live births.1 They are characterized as pink-red to purple demarcated patches on 

the skin that are caused by an abnormality of capillary vessels.1 Although the origin and 

pathogenesis of PWS is not fully understood, the GNAQ mutation is now thought to be central to 

development.2  

There are two subtypes of microvascular abnormalities. Type I consists of superficial, tortuous, 

dilated end-capillary loops in the superficial papillary dermis that appear to be more responsive 

to laser therapy than type II lesions. Type II lesions have dilated vessels in the superficial 

horizontal vascular plexus that are deeply located and they appear to be more resistant to PDL 

treatment.1  

In general, PWS is a clinically progressive disease with potentially destructing psychological and 

physiological complications. PWS may also be indicative of a larger disorder or syndrome such 

as Sturge-Weber syndrome (SWS), Klippel-Trenaunay(KTS) and Cobb syndrome. Each year, 

about twenty million individuals worldwide and 900,000 people in the United States have PWS 

birthmarks.2 While these lesions can occur in any cutaneous site, approximately 90% of all port 

wine stains occur in the head and neck regions that make up less than 14% of the total body 

surface.3 Although they can seem harmless, PWS can enlarge and gradually become darker in 

color over time. If left untreated, these birthmarks can lead to other deformities and health 

complications including nodularity, dental abnormalities, soft tissue hypertrophy, and vessel 
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malformations in other organs of the body such as brain and eyes.3 4About ⅔ of patients with 

PWS are expected to develop complications such as soft tissue hypertrophy and cutaneous 

nodules that may bleed and lead to cosmetic disfigurements, prompting many patients to seek 

treatment. 

1.1.2 -Current Therapies in The Treatment of Port Wine Stain 

In the past, treatments such as excision with skin grafting, ionizing radiation, electrotherapy, 

dermabrasion, and cryosurgery were used to treat PWS lesions. 5However, these treatments often 

do not result in complete removal and are associated with significant discomfort.4 Currently, 

vascular-specific laser irradiation, most prominently pulsed dye laser (PDL) comprises the 

clinical gold standard treatment of PWS birthmarks in the US. 6  

PDL is a vascular-specific laser system that conforms to the principle of selective 

photothermolysis of Anderson and Parrish.7 The theory describes a method that selectively 

destroys subsurface targets without causing any unwanted thermal damage to the surrounding 

normal tissues. 

There are four ways that light can interact with the target tissue: reflection, absorption, 

scattering, and transmission. The target tissue remains unaffected when the light is reflected, 

transmitted or scattered. 7 However, absorption of the light generates heat that can be confined. 

The heat confinement causes irreversible damage to the target tissue region.  

Once the laser energy is absorbed by tissue substance, three important biological responses can 

occur: photomechanical, photochemical and photothermal. Photomechanical effects occur when 

very high energies are absorbed in a very short pulse duration, leading to rapid thermal 

expansion and subsequent photomechanical destruction of the tissues.11 8 Photochemical 
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reactions occur when light is absorbed by a chemical substance. An example of photochemical 

reaction can be seen in photodynamic therapy (also known as PDT) in which endogenous and 

exogenous photosensitizers that serve as chromophores become activated by absorbed light for a 

specific length of time. The activated photosensitizers convert the light into a photochemical 

reaction. In the presence of oxygen, the photochemical reactions generate cytotoxic reactive 

oxygen species.  If the photosensitizers are intravascular, these species can cause thrombosis and 

vessel occlusion. 8 11   

Lastly, photothermal reactions occur when the absorbed light by the target chromophore is 

transformed into heat, leading to irreversible thermal damage and thrombosis to the target 

structure and ideally minimal effect on the neighboring structures. 9  An example of 

photothermal reactions can be seen with vascular PDL therapy, which aims to achieve complete 

photocoagulation of the target vessels leading to an optimal elimination of vascular lesions, 

while minimizing collateral damage to the neighboring dermal and epidermal structures. 10  The 

main principle that allows the PDL to selectively destroy PWS ectatic capillaries is known as 

selective photo-thermolysis.11 Photo-thermolysis is a unique technique which relies on the 

selective absorption of brief laser pulses that selectively destroy target structures at the cellular, 

ultrastructural or tissue structural level.12  

1.2 - Selective photo-thermolysis 

Through selective photo-thermolysis, the monochromatic yellow light transmitted by the PDL is 

absorbed to a high degree by the target structure or chromophore.9 Chromophores are defined as 

covalently bonded molecules that are present in the tissues and are responsible for their color. 
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 These molecules are able to absorb a certain wavelength of visible light based on their 

absorption coefficient and reflect the other wavelengths, thus producing a color. The most 

common chromophores in the skin are oxyhemoglobin, deoxyhemoglobin and melanin.13 

The main goal of photo-thermolysis is to deliver specific wavelengths that match with the last 

peak in the absorption spectrum of the target chromophore (oxy-hemoglobin in the case of 

vascular lesion treatment). Moreover, the selected wavelength should be far from the absorption 

spectrum of competing chromophores (melanin in the case of vascular lesions treatment).  

Studies have shown that with PDL treatment, the vast majority of patients have had significant 

improvement of the PWS, meaning lightening of at least 25 to 75 percent. 14  

Each patient has unique skin color and each birthmark has a slightly different vessel pattern. 

Therefore, in order to achieve optimal clearance of the birthmark. laser parameters should be 

selected on an individual basis.  Parameters that can be adjusted include wavelength, pulse 

duration, and the amount of the delivered energy (fluence).  

Fundamentally, the selection of laser light wavelength corresponds to the absorptive 

characteristics of the chromophore of the target structure. The three absorption peaks 

corresponding to the primary chromophore of the skin (again oxyhemoglobin in the case of 

vascular lesions treatment) are in the visible range of electromagnetic spectrum at 418, 542, and 

577 nm.15   

In addition to wavelength, the exposure time or pulse duration is another important factor. Pulse 

duration is mainly guided by the target vessel’s thermal relaxation time. Thermal relaxation time 

(TRT) is defined as the time required for the target structure to dissipate 63% of its 

temperature.11 Thermal relaxation time is proportional to the square size of the target 

chromophore. In order to limit the amount of heat diffusing into the neighboring tissues, the 
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pulse duration has to be matched with the diameter of the target vessels that is being treated. 

Early pulsed dye lasers used a laser wavelength at 577 nm and a pulse duration of 300 µs for 

treatment of the PWS, which effectively damaged vessels without evidence of unwanted thermal 

damage to the surrounding tissues.16 However, modifications in the form of a longer wavelength 

(585 - 595 nm) and a longer pulse width (450 µs to 40 ms) have been introduced to enhance 

lesion clearance. 12Additionally, a sufficient fluence or energy density (7 to 15 J/cm2) is needed 

achieve adequate photocoagulation.  Current PDL systems with longer wavelengths are able to 

achieve deeper dermal penetration, while maintaining vascular specificity. Moreover, the use of 

longer wavelengths provides decreased epidermal melanin absorption of light. Melanin, which is 

mostly present in the epidermis is identified as a competing absorber of light during the laser 

treatment of PWS. The absorption of light by melanin reduces the amount of radiant exposure 

that can be delivered to the PWS blood vessels. Moreover, it causes thermal injury to the 

epidermis and can result in complications such as scarring, dyspigmentation or blistering.17 

While PDL is an effective treatment for PWS, there are potential limitation in terms of treatment 

efficacy that prevents the complete clearance of lesions. The effectiveness of selective photo-

thermolysis depends on the PWS vessel geometry and anatomy, epidermal pigmentation18, 

dermal scattering, blood concentration, and the blood vessel configurations. 6 

Some of the factors that contribute to treatment failures of PWS include high melanin 

concentration, which reduces the light penetration to the targeted vessels, presence of small 

diameter PWS vessels(<20µm) that leads to a partial photocoagulation of target vessels due to 

poor thermal confinement, and reperfusion of photocoagulated blood vessels as a result of the 

wound healing response .19 20 21 
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1.3- Angiogenesis and Vasculogenesis After PDL-Treatment  
 

PDL irradiation of PWS skin induces an acute damage to blood vessels and results in a severely 

hypoxic microenvironment (having low oxygen levels). However, the wound repair response of 

human skin triggers a defense mechanism in response to local hypoxia. This often leads to 

reformation and reperfusion of the PWS blood vessels within a month of the laser therapy.22  

Wound healing is a complex process in which our body attempts to restore normal structure and 

function in response to an injury.23 In order for our body to restore its normal structure, it 

requires new blood vessels that can carry variety of mediators, nutrients and signals.24 Blood 

vessels can be formed via two distinct mechanisms: vasculogenesis and angiogenesis. 

Vasculogenesis refers to development of new blood vessels by aggregation and vascular 

morphogenesis of endothelial cells. During vasculogenesis, endothelial progenitor cells 

differentiate into angioblasts, which then aggregate into solid vascular cords, resulting in 

formation of the vascular plexus. 25 

Angiogenesis, on the other hand, denotes the outgrowth of capillary buds and sprouting of new 

blood vessels, which happens from pre-existing blood vessels, in response to an injury. 26 

Change in oxygen level result in upregulation of hypoxia inducible factor -1alpha (HIF-1𝛼). 

HIF-1𝛼 is an oxygen-sensitive subunit of HIF-1, which plays a crucial role in the body’s 

response to an oxygen deprived environment. One important function of HIF-1𝛼 is to control the 

expression of genes that are involved in the angiogenesis process. In hypoxia, HIF-1𝛼 binds to 

the regulatory region of pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF), Fibroblast growth factor 2 (FGF2) and platelet-derived growth factor beta polypeptide 

(PDGFB).These angiogenic growth factors are controlled by HIF-1𝛼 at the transcriptional stage 

and mTOR/S6 kinase signalling at the translational stage.46 These growth factors are released 
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into the extracellular environment between cells, where they can bind and activate their receptors 

including Fibroblast growth factor receptor 2 (FGFR2), Vascular endothelial growth factor 

receptor 2 (VEGFR2), FMS-like tyrosine kinase 1 (FLT1), and PDGF receptor, alpha 

polypeptide (PDGFRA), on adjacent cells.27 Following receptor activation, several angiogenic 

signaling pathways get activated. These signaling pathways include protein kinase C (PKC), 

phosphatidylinositol-3-kinase (PI3K)/AKT, protein tyrosine kinase 2 (PTK2), SHC trans- 

forming protein 1 (SHC1)/mitogen-activated protein kinase (MAPK), and endothelial nitric 

oxide synthase 3 (NOS3). Activation of these signaling pathways play integral roles in cellular 

processes of proliferation, migration, survival as well as blood vessel stabilization that 

contributes to angiogenesis.26 

Vasculogenesis is another important mechanism that may be involved in reformation and 

reperfusion of photocoagulated blood vessels. Scientific evidence has demonstrated that 

circulating endothelial stem cells (characterized by surface expression of CD133) and 

mesenchymal stem cells (characterized by expression of CD166) can be recruited into skin sites 

where blood vessels are photocoagulated. These studies suggest that vasculogenesis also plays an 

important role in regrowth and reperfusion of destroyed vessels after PDL therapy. 22 
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CHAPTER 2: Optical Imaging 

The study of physiological processes that govern the microvasculature enables discovery of 

solutions toward development of new therapeutic strategies to many diseases. However, the 

functionality of microvasculature and knowledge of its response to external factors is difficult to 

assess with traditional analysis techniques such as histology. Microvascular optical imaging has 

proven to be a valuable tool for assessing the microvascular response over time to external 

factors.27 

The work described in this thesis aims to provide a microvascular optical functional imaging 

solution specifically designed for use with the rodent dorsal window chamber model. Dorsal 

window chamber models have been used during the last two decades to study microvasculature 

in vivo. The window chamber model provides useful information related to the development of 

hypoxia, angiogenesis, vascular function, tumor microenvironment and treatment responses. 28 

2.1- Rodent dorsal window chamber model 

           Dorsal window chamber model is well suited for applications that necessitate use of high-

resolution imaging of dynamic processes. 28 With this technique, we previously gathered insights 

into the mechanisms associated with angiogenic and inflammatory response to laser irradiation, 

as well as changes that occur in blood oxygenation level after laser irradiation. Moreover, in vivo 

imaging of window chamber models has provided us with insight into the dynamic processes that 
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modulate the structure and function of the microvasculature. Figure 1 depicts a rodent dorsal 

skinfold window chamber model that was used in this thesis research. 

. 

 

 

 

 

 

 

 

 

 

 

The installation of titanium dorsal window chambers on C3H mice was carried out under a 

protocol approved by the Institutional Animal Care and Use Committee at the University of 

California, Irvine. All equipment was prepared and sterilized before anesthetizing the mice. Mice 

were initially anesthetized with isoflurane gas and anesthesia was maintained with 80-100 mg/kg 

Ketamine, 10-12.5 mg/kg Xylazine, and saline solution through an i.p. injection; additional 

anesthesia was injected as needed during the surgery. The surgeries were performed on heating 

pads, and the temperature and breathing rate of the animal were monitored every 15 minutes.  

The following describes the surgical procedure on a typical animal. Sterile ophthalmic ointment 

was applied to both eyes to keep the cornea lubricated. Electronic clippers were used to remove 

the majority of dorsal hair; commercial depilatory cream was then spread over the skin to 

Figure 1 : Rodent dorsal skinfold window chamber model 
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remove any remaining hair. The cream and any residual hair were washed off with wet paper 

towels and alcohol pads. The dorsal skin was then gently stretched and trans-illuminated with 

either a white or green light source to facilitate selection of vasculature to be included in the 

window chamber. The chamber frames were centered on the desired vasculature—one frame on 

each side of the skin—and sterile 16-gauge needles were inserted through the three screw holes 

in the chamber frames to create spaces in the skin for the screws. A small pair of hemostats was 

used to stretch each channel by placing the hemostats through the channel and gently opening the 

hemostats. 

 

         The front window chamber was prepared by inserting the screws into the three screw 

holes, and then the plastic spacers (about 4 mm in length) were fit onto each of the three screws. 

The front chamber frame was placed onto the dorsal skin so that the three screws were inserted 

into each of the three holes, ensuring that the skin did not extend past the spacers (i.e. the skin is 

not in contact with the screws). The back-chamber frame was secured on the other side of the 

dorsal skin with washers; note that the back half of the window chamber should contain the skin 

with the vasculature to be examined. The washers were tightened enough—compressing the 

spacers—for the frames to immobilize the dorsal skin without pinching it. In the corresponding 

suture holes, the frame was sutured to the dorsal skin at all four corners. 

 

         With forceps and micro-scissors, the upper layer of skin and all subcutaneous fascia was 

removed from the front window chamber, leaving only the layer skin with the desired 

vasculature. About 1 to 1.5 mm of skin was left along the edges of the window frame to prevent 

future leakage of saline. The window chamber was filled to volume with sterile saline to avoid 
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air bubbles; a glass coverslip was carefully wiped with alcohol pads to remove any particles and 

was set on top of the window chamber, which was then secured with a plastic C-holder. 

Analgesics (0.05-0.10 mg/kg Buprenorphine) were promptly administered through an i.p. 

injection. The mouse was immediately irradiated to the targeted vessels, and then imaged on 

days 0 (day of irradiation), 1, 3, 5, 7. After imaging day 7, the mouse was euthanized through a 

Euthasol i.p. injection primary and a spinal dislocation secondary. Window chamber frames, 

screws, and washers were all cleaned and sterilized for future use. 

 

2.2 - Imaging Modalities 
 

With respect to imaging, there are various imaging techniques that can be used to monitor the 

microvasculature within the dorsal window chamber.  We integrated three different imaging 

modalities into a system that could be used as a tool to monitor and assess microvascular 

architecture, blood flow dynamics, and blood oxygenation levels. Our microvascular imaging 

system was designed to obtain images with three different imaging modalities: Laser speckle 

imaging (LSI), Multispectral Imaging/Oxygenation imaging (MSI/O2I) and Fluorescence 

imaging (FI). Each of these imaging techniques can give us insights related to different aspects 

of the microvasculature. LSI is a technique that can be used to monitor the changes of blood flow 

and enable generation of in vivo maps of relative blood flow or what we call speckle flow index 

(SFI) maps.25 MSI/O2I is another imaging technique that can be used to create oxygenation maps 

of vasculature to assess the changes of oxygen saturation within the blood vessels in response to 

external factors such as selective laser injury. FI was integrated into our system to enable 

imaging of fluorescent molecules such as indocyanine green and fluorescein derivatives in 

current and future work. 
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2.2.1 Laser Speckle Imaging (LSI) 
 

 

 Laser Speckle Imaging (LSI), also known as laser speckle contrast imaging, is a technique that 

involves analysis of the speckle pattern that results from laser light illumination of a sample. The 

laser light remitted from the sample creates a random granular effect known as a speckle pattern. 

The speckle pattern is a randomly varying intensity pattern that is formed due to constructive and 

destructive interference of coherent laser light that is scattered by an inhomogeneous sample. 

The resulting interference pattern can be used to study the movement of scattering particles 

within the illuminated tissue. The movements of scattering particles can be quantified by 

evaluating either temporal or spatial variations. If the sample is static, the speckle pattern 

remains unaltered over time. However, if the sample contains moving optical scatterers such as 

particles in a fluid, the speckle pattern becomes time-varying.30 By capturing reflectance images 

of speckle patterns at a predetermined integration time (exposure time), we can identify regions 

of dynamic activity in a sample. It is the premise of LSI to assess the degree of blurring or 

resulting loss of contrast and correlate it to dynamic activities such as blood flow, in the case of 

microvasculature.  

 

Moving scatterers such as red blood cells blur local regions of the speckle pattern captured with a 

CCD or CMOS camera, as opposed to the relatively high contrast speckle pattern associated with 

static regions. An example of a bright-field image (Figure 2-left) as well as a raw speckle image 

(Figure 2-right) obtained from a rodent dorsal window chamber is shown below. Note that the 

blurred regions within the raw speckle image represents the presence of blood flow within 
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vessels and the regions in which the speckle pattern does not appear blurry correspond to an 

absence of blood flow. We note that the speckle pattern created by the laser is not perfectly static 

and it gradually fluctuates in time at a rate proportional to the speed of moving particles. 

Therefore, if these fluctuations occur during the exposure time of the camera, the associated 

regions in the image appear blurry.  

Figure 2: Bright-field reflectance image (Left) and raw speckle image (right) of microvasculature within a dorsal 
window chamber. Note the blurred regions in the raw speckle image correspond to vessels with blood flow in the 
reflectance

The degree of spatial variance or blurring of the speckle pattern can be quantified at each pixel as 

a speckle contrast value, denoted as K.  

K is defined as the ratio of the standard deviation(σ) and the mean intensity (<I>) of the pixels 

within a local region. It is computed by the following equation: 

𝐾 = %	
&'(

=
[*/(-.*)] ('1.&'()23
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Equation 1 
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where σ is the standard deviation of the speckle intensity, <I> is the average intensity of pixels, 

N is (ω + 1 + ω)7 where ω is radius size of the window, and  𝐼9 is the intensity of pixel i within 

the sliding window.  

This equation is calculated over a sliding window of 5x5 or 7x7 pixels surrounding each pixel of 

the raw speckle images, resulting in full field speckle contrast maps. According to Le at al., the 

size of the sliding-window is an important parameter to consider when calculating speckle 

contrast value as selecting a window that is too small in size reduces the sensitivity to vascular 

variations, and a too large window can result in the loss of effective resolution. 31 

Speckle contrast value K is also inversely proportional to flow speed and ranges on a scale from 

0 to 1, where 0 corresponds to larger motion of optical scattering particles and high blurring of 

speckle pattern, and 1 corresponds to regions with no movement of scattering particles and 

speckle pattern is completely developed.32 

After computing the speckle contrast images, we create speckle flow index (SFI) maps to 

visualize blood flow dynamics. To quantify SFI, the speckle correlation time (𝜏) is computed 

using the following equation (Eq. 2) derived by Ramirez-San Juan et al and Cheng and Duong. 

This equation is a simplification based on the assumption of a Lorentzian velocity distribution. 33 

34  

𝜏 = 2𝑇𝐾7                                                              

Equation 2 

where T is the exposure time in s. Assuming SFI to be directly proportional to the speed of blood 

flow and inversely proportional to τ at each pixel, we use the following equation to calculate SFI: 

 

𝑆𝐹𝐼 =
1

2𝑇𝐾7 
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Equation 3 

Figure 3 represents an example of a SFI map corresponding to the raw speckle image in Figure 2, 

calculated using (Eq. 3).  

Exposure time associated with the raw speckle images is another important parameter that can 

alter the sensitivity of LSI to different perfusion velocities. In order to sense the slower blood 

flow in smaller caliber vessels such as venules and capillaries, longer exposure time is required. 

The use of long exposure time during LSI imaging increases the sensitivity of K to relatively 

smaller blood flows in the region of interest.35 However, use of longer exposure times increases 

the speckle contrast noise and decreases the imaging contrast K for higher flows. Therefore, long 

exposure times are only appropriate for visualizing the structure of the vessels rather than 

quantifying the blood flow within the vessels.  

Figure 3: Speckle flow index map (SFI) computed from the speckle contrast map (Fig 2, right) 
using spatial correlation. [units: s-1] 
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For this experiment, we selected exposure times of 10 and 1000 ms, which allowed us to identify 

vessels with different ranges of flow speed in both larger and smaller vessels within the rodent 

dorsal window chamber.35 Figure 4 compares the SFI maps taken at two different exposure times 

of 10 (Left) and 1000 ms (Right) that are computed from the corresponding speckle contrast 

maps (Fig 2b). 

 

 

 

 

The LSI instrument is comprised of a few basic components. A laser diode with a center 

wavelength of 785 nm (Ondax SureLock 785 nm wavelength stabilized laser, Monrovia, 

California) for illuminating the sample, a high performance Retiga 2000R (QImaging, Burnaby, 

BC, Canada) 12-bit color-cooled camera with a resolution of 1600 (W)×1200 (H) pixels and a 

zoom lens for detection of reemitted light and imaging optics to focus the laser light that has 

been directed onto a region of interest on the camera sensor. 36 37  

During LSI, the dorsal window chamber of an anesthetized mice was trans-illuminated by the 

laser diode (Ondax, Monrovia, California) which serves as a coherent source for our LSI 

Figure 4: Representative SFI maps determined from speckle images collected with 
exposure times of 10 (left) and 1000 ms (right). Note the increase in discernible 
vasculature in blood flow maps taken with a longer exposure time (ie. 1000 ms) 
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experiment. Trans-illumination configuration was chosen over epi-illumination because it 

provides a higher spatial resolution in the dorsal window chamber due to the forward-scattering 

nature of the red blood cells in the directly imaged microvasculature. To generate speckle 

contrast maps, we use spatial correlation analysis, which necessitates the acquisition of a series 

of raw speckle images from the region of interest. To generate speckle contrast maps, we use 

spatial correlation analysis. Typically, 10 raw speckle images were acquired at exposure times of 

10ms and 1000ms. By averaging the computed contrast images at each exposure time, we 

decrease the speckle noise. The resultant image is then used to generate SFI maps using equation 

3. All image processing was performed using custom-written MATLAB software 

 

2.2.2 Multispectral Imaging /Oxygenation Imaging 
 

Multispectral Imaging (MSI) is an imaging technique, which is capable of classifying similar 

materials both spatially and spectrally, based on their distinct features. One major application of 

MSI is oxygenation imaging or acquisition of hemoglobin saturation maps. Oxygen in the 

bloodstream is transported via hemoglobin molecules that consist of four subunits. Each subunit 

has a co-factor called heme that can bind to an oxygen molecule. 38 To the naked eye, oxygen-

poor, venous blood appears darker than oxygen-rich, arterial blood due to the difference in color 

between oxyhemoglobin and deoxyhemoglobin. MSI enables us to measure this discrepancy 

based on the light absorption spectra differences between oxygenated and deoxygenated blood. 

Figure 5 depicts the oxyhemoglobin and deoxy-hemoglobin spectra in terms of molar extinction 

coefficient.39   
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Oxygen saturation levels define the degree to which hemoglobin molecules in the bloodstream 

carry oxygen as a percentage of the maximum it could carry (i.e. 100% oxygen saturation 

indicates that maximum oxygen is carried by the hemoglobin molecules).40 The amount of light 

absorption by blood can be used to calculate the oxygen saturation levels in the blood stream.41   

In order to quantify vascular oxygenation, a multispectral imaging system was integrated into our 

imaging system.  The schematic representation of the MSI imaging setup is depicted in Fig 8. 

MSI imaging is accomplished by using a few key components which include, a high-

performance CCD camera (Retiga 2000R, QImaging, Burnaby, BC, Canada), a 0.7x high 

resolution microscope adapter (HR 0.70-CMT, Spot Imaging / Diagnostic Instruments, Inc.) 

coupled with a bottom clamp to mount the camera to the microscope. A FW102C automated 

filter wheel that accommodates six ø1″ circular filters (510 nm, 540 nm, 600 nm, and 632 nm) 

Figure 5 :Molar extinction coefficients of oxygenated (HbO2) and deoxygenated (Hb) 
hemoglobin as a function of wavelength. 
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was located in front of the camera. If required, the whole wheel can be quickly detached and 

replaced allowing for fast swapping of entire filter-sets. 42 

During MSI, the rodent dorsal window chamber was trans-illuminated via a LED source (ANSI 

white Luxeon Rebel ES LED) that was driven at 700mA. Detection was made using a CCD 

camera with a six-position filter wheel in the path. 

  

In this experiment, oxyhemoglobin and deoxyhemoglobin were assumed to be the dominant 

absorbers in blood. Five different band pass color filters centered at wavelengths (nm) of 510, 

540, 600,632 nm was selected. These wavelengths were selected based on the wavelength-

dependent absorbance of hemoglobin.44 Selection of multiple wavelengths throughout the visible 

spectrum allows us to measure the discrepancy in oxyhemoglobin and deoxyhemoglobin. Images 

were acquired in bright field mode in trans-illumination configuration at wavelength range of 

500-630 nm. Depending on the wavelength that was used, the exposure time was adjusted 

accordingly such that the full dynamic range of the camera was employed.44 Once the images 

were collected, we used them to create image cubes (x, y, λ) that could be quantitatively 

analyzed to compute vascular oxygenation within each vessel in our window chamber model. 28 

An example of the hemoglobin saturation map of microvasculature in a window chamber is 

shown  in (Figure 6).  
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2.2.2.1 Generation of hemoglobin oxygen saturation maps 
 

 The modified Beer–Lambert law model equation was used to convert the spectral images to 

images of HbO2 and Hb-R.   

𝐴A = 	𝑙𝑜𝑔('E
'
)	= 𝜀AGHI7	[𝐻𝑏𝑂2]. 𝐿	 + 𝜀AGH.P	[𝐻𝑏 − 𝑅	]. 𝐿 + 𝑆. 𝐿  

 Equation 4 

which can be re-written as: 

𝐴A = [(𝜀AGHI7	 − 𝜀AGH.P	).	𝐻𝑏sat+𝜀AGH.P	]. 𝐿.	𝐻𝑏tot+𝑆. 𝐿  

Equation 5 

Where 𝐻𝑏tot= 𝐻𝑏𝑂2 + [𝐻𝑏 − 𝑅] and 𝐻𝑏sat=𝐻𝑏O2/𝐻𝑏tot  

which can then in turn be rewritten as: 𝐴A=𝛥𝜀A	 . 𝑎	 + 𝜀AGH.P	. 𝑏	 + 𝑐 

Equation 6 

 

Figure 6:Example of hemoglobin saturation map of vessels within a dorsal window chamber. Note the 
differing saturation levels (low to high) were color-coded as blue, green, yellow, and red. 
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Where 𝑎=𝐻𝑏sat. 𝐿.	𝐻𝑏tot,	𝑏 = 𝐿	. 𝐻𝑏tot  and 𝑐 = 𝐿. 𝑆 

 

Where A(𝜆) is the absorbance at wavelength λ, I is the detected light intensity at a given pixel, I0 

is the incoming light intensity selected manually from avascular regions of a tissue, OD is optical 

density, εHbO2 and εHb-R are the extinction coefficient of oxyhemoglobin and deoxyhemoglobin 

respectively. [HbO2] and [Hb-R] are the concentration of oxyhemoglobin and deoxyhemoglobin, 

respectively, L is the path length traveled by the sampled light, and S is the path length-

dependent scattering term. 

With this linear mixing model equation, we can calculate the concentration of oxyhemoglobin 

and deoxyhemoglobin at each pixel using each absorber’s extinction coefficients.  The extinction 

coefficients of [HbO2] and [Hb-R] used in this model equation were taken from Scott Prahl’s 

tabulation of absorption values.39 Here, we assumed the scattering term (S) to be a constant 

additive error term over the wavelength range of 500-640 nm.44 The measured [HbO2] and [Hb] 

values were then used to compute the oxygen saturation (sO2) using the following equation: 

 

𝑠𝑂7 = 	
[𝐻𝑏𝑂2]	

[𝐻𝑏𝑂2] 	+ [𝐻𝑏 − 𝑅]	 

Equation 7 

  

A linear least-squares fit was used on equation (7) to compute hemoglobin saturation values. 

Based on the R2 value of each pixel (coefficient of determination), the hemoglobin saturation 

values at each pixel were either accepted or rejected. In our case, pixel fits with an R2 below 

threshold of 0.95 were rejected. To avoid any artifacts on the hemoglobin saturation values, it is 

important to select the same avascular region in each image at each wavelength, and to not 
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choose any oversaturated pixels. All image processing was performed using custom-written 

MATLAB software. 

2.2.3 Fluorescence Imaging: 

Fluorescence imaging (FI) is a powerful technique that uses the phenomenon of fluorescence to 

identify different features and/or activities such as angiogenic and vessel repair processes, 

protein localization and signaling pathways, all of which would not be readily observable under 

normal circumstances. Fluorescence occurs when a sample absorbs light at a certain wavelength 

and immediately emits that light at a longer wavelength.  

Our imaging platform utilizes an inverted fluorescence microscope (Nikon TE800 and Diaphot 

TMD, Nikon, Melville, NY) that enables imaging of the fluorescent markers. Fundamentally, FI 

requires a few basic elements, including an excitation light source (mercury or xenon high-

pressure bulb, LED or a laser source) in trans or epi-illumination configuration, a CCD sensor 

for detection of the emitted signal, a specimen with intrinsic or extrinsic fluorophores labels and 

a filter block to excite the fluorophore(s) of a specimen. 

 In vivo fluorescence imaging of microvasculature in a rodent dorsal window chamber model is 

achieved either by using a transgenic animal or with intravascular injection of a dye. For the 

purpose of our experiments, we used VEGF - green fluorescence protein (VEGF- GFP) 
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transgenic mice where the animal model emits GFP protein in response to VEGF gene 

expression. The correlation between VEGF expression and vascular reperfusion and permeability 

during the healing response after laser injury indicates that VEGF plays a key part in the 

angiogenesis process. During fluorescence imaging, our animal model is exposed to an exterior 

excitation light source, represented in green arrows (Figure 7). The excitation bandwidth is 

passed through a wavelength-specific filter and directed toward the specimen. The excitation 

light penetrates to the tissue, and excites the source which leads to subsequent emission of 

photons which scatter throughout the tissue, and generate a surface radiant which is captured by 

an eyepiece or a detector.  

 
 
 
 
 

	
 
 
 
 

 
 
 
 

	

2.4 – Microvascular Imaging System Walkthrough 
 
 
Below are tables representing the key components of our multimodal imaging system which 

includes the optical components, structural components as well as components for animal 

Figure 7: Mouse model exposed to an exterior light source during fluorescence imaging. 
The light penetrates to the tissue and emits the subsequent photons that scatter throughout 
the tissue  
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support. A schematic representation of the instrument that we designed and built is shown in 

Figure 8. 

Table 1 : List of the key components of our microvascular imaging system that includes optical components, 
components for specimen support and structural support

. 

The imaging system was designed to be a single-platform instrument that would allow for non-

invasive, non-contact in vivo imaging. It allows for simultaneous measurement of hemodynamic 

response, molecular fluorescence in tissues, and biochemical composition (i.e. oxyhemoglobin 

and deoxyhemoglobin).  
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Briefly, the imaging system is comprised of an inverted fluorescence microscope (Nikon TE800 

and Diaphot TMD, Nikon, Melville, NY) equipped with a CCD camera (Retiga 2000R, 

QImaging, Burnaby, Canada) connected to a computer. This camera model was selected for its 

Figure 8: Schematic drawing of our imaging system. Side view of components for LSI, and MSI, and FI 
imaging (Top figure). An image of the actual imaging system is also shown in bottom figure. A 12 bit 
monochrome CCD camera (Retiga 2000R) connected to a computer (not shown here) were used for 
image acquisition.An intravital flurosrence microscope and camera lens was used to assure that beam 
collimination is achieved. Two illumination sources were brought into use with the imaging system, a 
785 nm Ondax benchtop laser for LSI and FI, and a LED source for MSI. A six-position filter wheel 
loaded with 4 color filters (510nm, 540nm, 600nm, 632 nm) was attached to the camera. 
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low-light sensitivity and compatibility with the MATLAB programming software. Imaging was 

performed with a Nikon 4x objective (Nikon Plan 4x/0.13 phase microscope objective).  

Two illumination sources were brought into use with the imaging system, a 785 nm Ondax 

benchtop laser (Figure 9) for LSI, and a LED source (ANSI white Luxeon Rebel ES) for MSI 

and bright-field imaging. Illumination was directed via light guides and optical fibers. A triple 

output power supply (Hewlett Packard HP 6236B Triple Output Power Supply 0-6V 0-2.5A / 0-

20V, 0- 0.5A) was used to power the LED source shown in figure (9). The voltage control knob 

on the front panel of the power supply enables easy selection of the desired output voltage for the 

LED source.  

 
 

Figure 9: An Ondax benchtop laser feeding the LSI system on the left. A triple output power supply  

powering up the LED source on the right. 
 
During LSI, laser light was first projected onto a neutral density(ND) filter to attenuate the 

output light. Depending on the image exposure time, different ND filters with different optical 

density (NE10A, NE04 A, Thorlabs, Inc.) are placed on the light path of the laser source to 

achieve the desired light attenuation. The beam was then directed toward the dorsal window 
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chamber on the microscope stage. Detection was performed using a 12 bit thermoelectrically 

cooled CCD sensor that was attached to side port of the microscope. The QImaging driver 

camera was directly controllable with MATLAB’s image acquisition toolbox. 

 During MSI, light from a white LED source was directed towards the dorsal window chamber. 

A six-position filter wheel loaded with five color bandpass filters was positioned between the 

camera and the system objective lens via a SM1-CM mount adaptor (Figure 10). The position of 

the filters was automatically adjusted via computer software (Thorlabs, FW102C). 

 

 

 

 

 

 

 

 

 

The majority of in-vivo work in the Microvascular Therapeutics & Imaging Laboratory (MTI 

Lab) at the Beckman Laser Institute is based on the window chamber model. Therefore, we 

designed a system that accommodates features that work specifically with window chamber 

Figure 10: Side view of our motorized filter wheel positioned between the CCD 
camera and the system objective lens via SMI-CM mount adapter.  
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models. These features include a simple window chamber mounting system, an anesthesia nose 

cone system, and a heating system.  

Window chamber mounting system: 

This feature allows for immobilizing the animal subject during imaging sessions (Figure 11). It 

also leads to a mechanically stable setup that enables consistent imaging on a day-to-day basis. 

Square imaging brackets were custom tailored to fit within the imaging setup. They consist of a 

stiff metal with 4 drilled holes. A 12-mm diameter hole was drilled in the center of the bracket, 

which allowed for direct imaging of the sub-dermal microvasculature of the window chamber. 

The three surrounding holes (~2 mm diameter) were positioned to allow the window chamber 

bolts to pass through the bracket.  

 

 

 

 

 

 

 

Two identical square imaging brackets were used. The first bracket was placed on the 

microscope stage in such a way that the window chamber bolts could pass through. The second 

bracket was then placed on top to fix the window chamber model. Two external nuts were then 

Figure 11: Imaging mount used to fix the window chamber onto a microscope stage. A 12-mm 
diameter hole was drilled in the center of the bracket to permit imaging, and three surrounding holes 
(~2 mm diameter) were positioned to allow the window chamber bolts to pass through the bracket. 
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screwed on to the bolts of the window chamber to securely affix the imaging brackets to the 

microscope stage. 

 

Integrated anesthesia nose cone: 

 

This feature was integrated into our system to keep the animal fully anesthetized for the duration 

of the imaging session. We used gas anesthesia because it is fast acting and allows for faster 

recovery. An isoflurane-oxygen mixture was delivered through a nose cone that was mounted on 

the microscope stage (Figure 12). The nose cone was mounted on a dedicated holder that was 

easily adjustable. The holder can also accommodate different sized nose cones to fit various 

rodents such as rats, mice, and hamsters. 

 

 

 

 

 

 

 

 

 

Figure 12: Anesthesia nose cone mounted on a microscope stage via an adjustable holder.  
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Heating system: 

When the animals are kept under anesthesia, their body temperature may decrease and the animal 

may become hypothermic.45 Thus, it is crucial to integrate a heating system that would maintain 

a suitable body temperature during imaging sessions. To prevent a significant decrease of the 

rodent’s body temperature during imaging sessions, we integrated a simple air stream incubator 

(ASI 400, Nevtek, Williamsville, VA) to our imaging system. (Figure 13) The heat is directed 

toward the animal subject through a flexible aluminum pipe that is connected to an air stream 

incubator. (Figure 13) A T-type thermocouple is also mounted onto the aluminum pipe to 

provide temperature feedback. Since the heater fan generates vibration, it must be kept distant 

from the microscope.46  

 

 

 

 

 

 

 

 

Figure 13: An air stream incubator (ASI 400m Nevtek, Williamsville, VA) integrated to 
our imaging setup to maintain a suitable body temperature for the subject under study. 
The heat was directed toward the subject via a flexible aluminum pipe 
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Light tight enclosure system: 

We integrated a light-tight enclosure system to substantially eliminate ambient light 

contamination (Figure 14). This feature is specifically beneficial during fluorescence imaging for 

which low signals can be easily corrupted by ambient light. Essentially, with this feature we 

optimized the fluorescence detection by eliminating the background ambient light fluorescent 

signal. This feature also protects the users and other researchers in the lab against the potentially 

dangerous high-energy laser light that is utilized during imaging sessions. Moreover, 

incorporating a light tight enclosure to our system allows the laboratory lights to remain on 

during imaging session that limits the interruption to the work of other researchers in the lab.  

Figure 14: A light-tight enclosure system built to eliminate ambient light contamination. 
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CHAPTER 3: Validation and Applications: 

3.1 Long-Term Monitoring of the microvasculature 
  

Long term monitoring of irradiated blood vessels within the window chamber model is 

crucial for accurate evaluation of the degree of photo injury inflicted on targeted vessels. 

Typically, short term (<24 hrs.) evaluation of microvascular response to light-based vascular 

interventions may not persist. Therefore, long term monitoring is crucial for precise assessment 

of microvascular response to selective injury. Our dorsal window chamber model and optical 

imaging instrumentation enabled us to perform long term assessment of novel therapeutic 

strategies designed to alter microcirculation.47 The surgery was performed on C3H mice, under a 

protocol approved by the Institutional Animal Care and Use Committee at the University of 

California, Irvine. 

 We captured bright-field reflectance images that served as an anatomical reference image (Fig 

15) and laser speckle images (Fig 16) that allowed us to monitor the blood flow dynamics of the 

microvasculature and determine vascular shutdown. A 532nm laser was used to irradiate two 

arteriole-venule pairs (marked with yellow circles).  
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Laser irradiation parameters used for this experiment was 1 ms pulse duration, 20 Hz repetition 

rate, and 4.8 J/cm2 radiant exposure. These parameters were selected based on published results 

documenting efficacy of these settings for complete photocoagulation of acute vessels.35 LSI 

images were acquired from the window chamber model on days 0, 1,2, 3, and 7 (Fig 15). 

 

Figure 15: A Bright field image taken prior to laser treatment and served as an anatomical 
reference image.  Vessel segments enclosed in the yellow circle were irradiated with a 
532-nm laser. 
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Figure 16: Representative SFI maps obtained from a mouse dorsal window chamber are shown 
on days 0 (prior and after laser irradiation), 1, 2,3, and 7. LSI was performed using two 
exposure times of 10 ms (top row) and 1000ms (bottom row) over a period of 7 days after laser 
irradiation.  
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The results presented herein (Fig 16) demonstrated vascular reperfusion in the irradiated vessels 

which was persisted through the end of the monitoring period, indicating that acute vascular 

destruction may not necessarily result in complete clearance of vascular lesions. Partial to 

complete restoration of blood flow within the irradiated vessels may be due to incomplete 

photocoagulation of the target vessels, or an angiogenic/neo-vasculogenic response. In the 

images obtained one day after intervention we observed a substantial to complete venular flow 

reduction on one of the irradiated pairs, and a considerable arteriolar flow reduction on the 

second pair that suggests a complete photocoagulation of selected vessels was achieved after 

laser injury. However, with subsequent images taken on Days 2, 3 and 7, we saw increased blood 

flow in the irradiated vessels. Therefore, we hypothesize that posttreatment angiogenesis or neo-

vasculogenesis can play a critical role in limiting PWS treatment efficacy by hampering the 

reduction in dermal blood content.  

Furthermore, our LSI system allowed us to visualize the changes that occur to the irradiated and 

non-irradiated vessels including the vessel repair process, vasoconstriction, vasodilation, and 

delayed blood flow changes. 

 
 

3.2  In vitro Flow-phantom experiment 

	 	 	 	 	
To validate the accuracy and stability of our imaging system to collect speckle contrast images, 

we developed in vitro flow phantom experiments. A phantom was used to mimic vascular 

perfusion and simulate the reduced scattering coefficients as well as absorption coefficient of 

cutaneous tissue.  
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The objective of this experiment was to find a relationship between the measured values of the 

speckle flow index and actual flow rate.48 As shown in Figure 18, the configuration used for our 

flow phantom experiments consisted of a few basic elements, including a laser diode that served 

as a coherent light source (Ondax 785nm), a CCD camera (Retiga) attached to the side port of 

the inverted microscope (Nikon TE800 and Diaphot TMD, Nikon, Melville, NY), a PDMS flow 

phantom, a 10 mL BD syringe, a syringe-based infusion pump (Harvard Apparatus, Holliston, 

Massachusetts), Tygon tubing, and 1% intralipid solution (Baxter Healthcare, Deerfield, IL). 

Figure 16 was taken from our flow phantom that was constructed out of PDMS with added 

titanium dioxide nanoparticles (TiO2) as the scattering agent.48 The phantom contained a 1.3 mm, 

inner diameter capillary tube that was embedded at the surface of the PDMS prior to curing, to 

mimic a blood vessel (Figure 17). The capillary tube was filled with 1% intralipid that was 

prepared by diluting 0.5 mL of a 20% intralipid solution with 9.5mL of distilled water (1: 19). 

Intralipid was chosen as a substitute for blood because of its availability and its similar scattering 

characteristics to blood. With a syringe-based infusion pump, the diluted intralipid solution was 

pumped through the capillary tube (Figure 17). 

Figure 17: A syringe-based infusion pump loaded with a 10-mL syringe (left figure). The syringe is filled 1% 
Intralipid solution diluted with distilled water. Image on the right is taken from our PDMS made flow phantom with 
capillary tubes embedded at the surface of the phantom. 
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The pump was set to achieve a series of desired flow speeds ranging from 1 to 10 mm/s with 1 

mm/s increments, which had to be converted to volumetric flow rates (i.e. ml/min respectively) 

on the pump. The fluid was directed toward the capillary channels via a Tygon tube that was 

coupled to the filled syringes to precisely control the flow speed. We also made sure that the 

pump diameter was set to 14.43 mm, the inner diameter of the syringe that was used to capture 

solution.  

 
Figure 18: Schematic representation of our flow phantom experiment. The setup is comprised of a few basic 
elements, including a laser diode, a CCD camera (Retiga 2000R) attached to side port of the inverted microscope, a 
flow phantom positioned on the microscope stage. The diluted intralipid solution was pumped through the capillary 
tube via a syringe-based infusion pump. 

 
After adjusting the flow speed of the pump, we used our LSI instrument to acquire a series of 

raw speckle images from the flow phantom tube that we placed on the microscope stage. Based 

on preliminary experiments, a camera exposure time of 10 ms was selected as a representative 

value. For each flow speed, an average of 10 raw speckle images were collected. We used 

custom-written MATLAB software described in chapter 2 to compute the spatial contrast values 
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and the decorrelation time (τc) of the speckle images at different flow speeds. Briefly, the 

acquired raw speckle images were converted to speckle contrast images using a 7x7 sliding 

window algorithm.  

Each set of ten speckle contrast images were averaged to obtain one speckle contrast image for 

each exposure time. In order to identify the flow regions, a percentile analysis was performed via 

MATLAB. We defined a threshold of 25th percentile for the speckle contrast values. The area 

with the speckle contrast value of less than the defined threshold was assumed as a flow region. 

Figure 18 (Right) depicts the raw speckle contrast map and figure 18 (Left) shows ROI region 

selected by our thresholding method to represent the high flowing tube regions. 

Figure 19: Raw speckle contrast map (Left Figure) acquired from our flow phantom at 10 ms exposure time. Figure 
on the right shows the ROI region selected by our percentile analysis method to represent the high flowing tube 
regions. 
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Results and Discussion: 

	

The flow phantom experiment was performed to study the influence of factors such as camera 

exposure time and speed of fluid on spatial contrast (K).  

Figure (20) presents the results of our in vitro experiment, showing that spatial contrast reaches 

close to zero when there is a significant relative motion, and reaches a maximum value in the 

case of no motion.  

 

 

 

 

 

 

Moreover, our results showed that at a given flow rate, increased exposure time results in a 

decreased speckle contrast value. For example, by increasing the exposure time from 1 ms to 100 

ms, the speckle contrast drops down from 0.41 to 0.3 near 0 mm/s flow speeds. At each flow 

Figure 20: Measured speckle contrast as a function of actual flow speed [mm/s]. Three different 
exposure times of 1 ms, 10 ms and 100 ms were used. The plots clearly demonstrate the effect of 
camera exposure time and actual flow speeds on the speckle contrast.  
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speed the speckle contrast has the highest value at 1 ms exposure time and lowest value at 100 

ms exposure time. 

Our experimental data is in agreement with findings of a study by Parthasarathy et al.49 who 

showed that at larger exposure times the sensitivity of relative speckle contrast to blood flow is 

small near zero speeds, and reaches close to zero at speeds greater than 6 mm/s. 

 

Relationship Between Speckle Flow Index and Actual Flow Rate: 

 
Figure 21 presents the relationship between the computed mean SFI values and the varying flow 

speeds obtained from our in vitro phantom experiments. Our in vitro data suggests that 

integration of camera exposure time can affect the linear response range of LSI. With 10 ms 

exposure time, there was a linear relationship between the SFI values and flow speed over 0-10 

mm/s. We also observed that by decreasing the exposure time to 1 ms, SFI values were slightly 

deviated from the linear fit at lower flow speeds (0-5 mm/s). Our experimental data also shows 

that once we increased the exposure time to 100 ms, SFI values remains unaffected at different 

flow rates.  
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The data obtained in this experiment enabled us to demonstrate an actual flow rate range over 

which our LSI instrument has a linear response. Our data is in agreement with a previous study 

by Choi et al.48 who demonstrates the effect of camera exposure time on linear response range of 

SFI values obtained during LSI imaging. 

CONCLUSION: 

We developed a microvascular imaging system with three different imaging modes: Laser 

speckle imaging (LSI), Multispectral Imaging/Oxygenation imaging (MSI/O2I) and 

Fluorescence imaging (FI). Our imaging system enabled us to perform long term monitoring of 

microvasculature and to obtain non-overlapping details of the biological response to selective 

Figure 21: Relationship between the computed mean SFI values and the varying flow 
speeds obtained from our in vitro phantom experiments. 
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optical injury.  We developed image acquisition and processing techniques capable of 

quantifying blood flow and oxygen saturation levels within the dorsal window chamber. Our LSI 

technique enabled us to create in vivo maps of relative blood flow providing blood flow 

information that is valuable in quantifying the dynamic features of angiogenesis. To further asses 

the microvasculature response to selective optical injury, we integrated 

multispectral/oxygenation imaging mode to our system. MSI enabled us to create spatial maps of 

hemoglobin oxygenation based on the light absorption spectra differences between oxygenated 

and deoxygenated blood.  

The validation of the system was conducted through in vitro flow phantom experiments. 

Collectively, our experimental data strongly suggested that camera exposure time and flow speed 

are the two important factors that impacts the flow dependent contrast in LSI imaging. We also 

found that prolonged exposure LSI resulted in an increased structural information on vessels 

ranging from capillaries to venules. However, use of longer exposure times increases the speckle 

contrast noise and decreases the imaging contrast K for higher flows. Therefore, long exposure 

times are only appropriate for visualizing the structure of the vessels rather than quantification of 

the blood flow within the vessels.  
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APPENDIX: 

Microscope Operating Procedure 

Initial preparation 

o Mount Retiga 2000R camera on Microscope system
o Connect Retiga to computer:

Plug one end of the Firewire cable into one of the camera’s Firewire sockets (either
socket is fine). Plug the other end of the cable into a Firewire port of your computer.

o Turn the camera on by pushing the power switch to “I” position.

o Turn the heater on

o Open MATLAB 2015
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Multispectral Imaging 

Filter Wheel preparation 
o Load the Filter Wheel with filters by first removing the filter wheel cover, which is held

in place with a single thumbscrew.

o Insert the filters into the desired locations. (Note that you need to input the
corresponding wavelength for each filter position in the FW102C software, i.e. Change
Filter 1 to WL_550nm Pos: 1)

o Secure the filters with retaining rings and put the cover back in place
o Connect the power cord from the AC adapter into the DC input jack on the unit
o Connect Filter wheel to computer via RS 232 serial port using a serial cable
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o Turn on the filter wheel using the key switch located on the side

o Open FW102C software. Press Connect. Select the device (COM6).
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Set up iteration mode on FW102C (OPTIONAL) 

o Set up the filter location sequence and delay time in the box on the right
o Select Iteration in the drop-down box
o Specify the number of times the sequence will run

• To acquire image:

o Turn on power supply and voltmeter (set to 5V) using switch

o Run ImageAcquisition_MSI.m code:
(C:\Users\Ben\Bita\ImageAcquisition_MSI.m)
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o Enter the Imaging session number in the prompt, then click OK
o On the next prompt window select the corresponding wavelengths to the loaded

filters, then click OK
o Check the extinction coefficient values on the next prompt: (Note: you can edit the

values), then click OK
o Change the FilterWheel position to “Blank” filter position
o The image preview will appear

o To select ROI:
§ Move translational stage.

o To focus ROI:
§ Adjust coarse knob

o On FW102C, press the filter position to adjust the filter locations.

Note: you can do this manually by pushing the ▲ / ▼ arrow buttons on the top of 
the unit to adjust the filter location)  
Note: If Iteration mode is set -> click Run on FW102C to initiate Filter Wheel 
Sequence 

o Press OK with each prompt to save the raw image for each filter
o Turn off power supply and light switch.
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To Process MSI images: 

1. Run MSI_Function_Bita.m code:
(C:\Users\Ben\Bita\ MSI_Function_Bita.m)

2. On the prompt, check the number of files (i.e., total number of images acquired in the
‘acquire image’ section), the rest of the parameters are predefined. Click OK

3. The next window lets you select a rectangle in the figure window using the mouse. Draw
a rectangle and double click to proceed.

4. Input # 5 on the next prompt asking for grid size
5. Repeat step 3
6. Code will process the image and saves the results in a folder corresponding to the session

number.
7. End

For Laser Speckle Imaging (LSI) 

o Make sure Ondax 785nm, 100mW is connected to power source and key switch is turned
on.
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o Turn on laser key switch; wait for laser to turn on.

To Acquire Image: 

a. Run ImageAcquisition_Bita.m code:
(C:\Users\Ben\Bita\ImageAcquisition_Bita.m)

b. Select the exposure time (10 or 1000ms) on the prompt window:
c. Adjust intensity using ND Filters:

i. For 10 ms exposure time use ND: 1
ii. For 1000 ms exposure time use ND: 4

d. To select ROI:
i. Move translational stage.

e. To focus ROI:
i. Adjust coarse knob.

f. Click OK to save the images (The code will acquire 10 raw images and
automatically saves them in the folders corresponding to the selected exposure
time)

g. Repeat Steps (a-f) for each exposure time. (make sure to change the ND filters for
the next exposure time)
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h. Switch laser key off.
i. Remove Firewire Cable.

To Process Image: 

1. Run calculateSFI_TIFF_Bita.m
2. (C:\Users\Ben\Bita\calculateSFI_TIFF_Bita.m)
3. On the ‘Process which type of image’ prompt, select NOT Raw Bayer Images
4. Select Spatial Correlation on the next prompt
5. Input 7 for sliding window size (n x n)
6. Save SFI maps
7. End

For Fluorescence imaging (FI) 

To Acquire Image: 

o Mount QUANTEM camera on to the Microscope system
o Connect QUANTEM to computer using a USB cable
o Insert the filter cube with appropriate filters into the filter cube holder (Note: The choice

of a specific filter block will depend on the fluorescent probe(s) being used in the
imaging application)

o Cover the microscope eyepiece during imaging
o Turn on the BWF Laser key switch.
o Open Micro-Manager software on the computer
o Click LIVE to preview
o Set the desired exposure time on the camera setting
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o To select ROI:
§ Move translational stage.

o To focus ROI:
§ Adjust coarse knob

o Click on Multi-D Acquisition Tab. Note that here you can set the time points and choose
the directory to save your images.




