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Preclinical Application of Laser Speckle Imaging 
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Development of Multimodal Optical Imaging System 
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The Graduate School 
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Monitoring of subcutaneous blood flow is of high importance for fundamental studies, 

clinical diagnoses, and intraoperative procedures because it provides critical information 

on the condition of biological tissues and the various disorders in human organs. Laser 

speckle contrast imaging (LSCI) provides two dimensional (2D) images of blood flow 

velocity in biological tissue and has been widely used due to its simplicity, real-time 
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feedback, and negligible motion artifacts. However, to the best of our knowledge, there is 

a paucity of imaging studies of the vasculature and blood flow in deep tissue layers due 

to tissue turbidity. A physicochemical tissue optical clearing (PCTOC) method effective 

for reducing light scattering in tissue was applied to enhance the contrast of LSCI of 

vasculature in deep tissue layers, which cannot be clearly observed by the naked eye. The 

mice femoral artery region was selected as a sample. The results showed that the PCTOC 

method enhanced the contrast of LSCI and the vasculature could be clearly observed 

after the application of PCTOC. 

OCAs have been studied to solve the light scattering problem in tissue. The OCA 

method is based on several known mechanisms such as dehydration, reduction of 

refractive index mismatch between collagen and surrounding medium, collagen 

dissociation, and thus the reduction of light scattering coefficient.  However, the 

mechanisms of the OTC method have not been clearly understood. There are many 

studies focused on enhancing OCA performance in practical optical imaging methods. 

Nevertheless, none of these studies has evaluated certain fundamental parameters such as 

concentration and application time of OCAs simultaneously. Therefore, in this work all 

aspects of OCAs were examined to explore the correlation between various parameters 

for optimal OTC effects. Ex-vivo porcine skin samples were implemented to determine 

the optimal concentration of glycerol.  The efficacy of the optical clearing effect was 

evaluated as a function of glycerol concentration with optical coherence tomography 

(OCT) and ultrasound images. OCT was used to evaluate the reduction of light scattering. 

Ultrasound imaging was used to qualitatively evaluate collagen density, which may be 

related to the degree of collagen dissociation. The 70% glycerol concentration showed 

the most effective optical clearing effect 60 min after application. 
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Intense pulsed light (IPL) therapy is an important treatment for vascular lesions. The 

goal of treating vascular lesions with IPL is to raise the blood vessel temperature enough 

to cause coagulation, leading to the destruction of lesions and their replacement by 

fibrous granulation tissue. Despite the advantages of IPL treatment, reported side effects 

include temporary erythema, superficial blistering, hypopigmentation, and 

hyperpigmentation. These side effects are caused by high doses of energy applied 

directly to the skin. An optical clearing agent (OCA) is used to reduce side effects and 

consequently enhance the IPL effect. IPL was applied to the highly vascular distributed 

region of a rabbit ear. OCA was used with IPL and the changes in blood vessels were 

observed. The alteration of the blood vessel was imaged using the laser speckle contrast 

imaging (LSCI) modality and a transillumination image system. When IPL was applied 

with OCA to a blood vessel, vasodilation and angiogenesis were observed and these 

alterations were maintained over time. 

Arthritis is a leading cause of disability and associated with a substantial limitation in 

daily activity, work disability, low quality of life, and high health care costs. Although 

arthritis is a serious and common condition with the potential for injury, no appropriate 

evaluation method has been established due to the absence of cost-effective, accurate 

joint imaging modalities. Here, the feasibility of optical imaging in evaluating arthritis 

using an animal model was investigated. In particular, after inducing arthritis in mice, 

optical images of mouse feet were obtained. Two experiments were conducted: arthritis 

severity evaluation and early stage arthritis evaluation. LSCI was used for severity 

experiments and the results were compared with a visual inspection by a trained expert. 

Early stage arthritis was evaluated using LSCI and erythema index imaging and the 
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results were compared with histological results. LSCI succeeded in properly evaluating 

early stage arthritis from other stages of arthritis and from a sample without arthritis. 

Generally, optical imaging techniques offer a number of important advantages for 

objective and quantitative diagnosis. Optical imaging can also provide real-time and high 

resolution microscopic and macroscopic information for rapid and accurate diagnosis. 

The recent advances in a wide range of optical technologies enable the miniaturization of 

optical imaging platforms and integrated multimodal imaging. These advances have also 

allowed for functional (molecular) and structural (anatomical) information about the 

object to be obtained from a single instrument. In this dissertation, a multimodal optical 

imaging system was developed with the following functionality: real time laser speckle 

imaging, color imaging including polarization imaging, erythema imaging, and melanin 

and fluorescence imaging. The developed system was evaluated by obtaining various 

optical images from human skin. 

 

Key words: Optical imaging, multimodal imaging, real time, laser speckle imaging, 

skin imaging, polarization imaging, erythema index imaging, melanin index imaging, 

arthritis, IPL, ICG
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Chapter 1 

Introduction 

Laser speckle-based imaging techniques comprise a wide field of optical imaging 

methods that are used to visualize blood flow. When a laser illuminates a rough surface 

(roughness on the order of a wavelength), the backscattered light from the surface 

interferes with incident light to create an interference pattern. The backscattered light 

interferes constructively and destructively with incident light, producing a pattern called 

speckle. The statistical properties of the speckle pattern highly depend on the coherence 

of the incident light and the roughness of the surface. When an object moves, the speckle 

pattern varies over time. If the movement is fast enough, the image becomes blurred. 

Camera integration time is an important parameter that influences image blurring. If the 

integration time is long compared to the typical speckle decorrelation time, then the 

image will be blurred. For this reason, camera integration time is kept on the order of the 

speckle decorrelation time (in the millisecond range). (Basak, Manjunatha, and Dutta 

2012, 547-558) 

In 1981, Fercher and Briers (Fercher, and Briers 1981, 326-330) mathematically 

derived the speckle contrast C as the ratio of the spatial standard deviation r of the 

intensity I to the mean intensity <I> of the speckle pattern; 

2 2I IC
I I
σ < > − < >

= =
< > < >

.                    (1.1) 

In 1984, Goodman (Goodman 1984) formulated a probability density function for an 

ideal speckle. Perfectly monochromatic and polarized light corresponds to unity speckle, 

where the standard deviation and mean intensity are identical. This speckle pattern is 
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commonly known as fully developed speckle. The standard deviation is always less than 

the mean intensity and therefore the speckle contrast is always less than 1. This method 

comprises the basic laser speckle analysis technique. There are several other methods for 

analyzing laser speckle patterns. 

Briers and Webster have developed a technique called laser speckle contrast analysis 

(LASCA) by combining a CCD camera with the laser speckle technique, which is more 

flexible and features variable exposure time and fast image acquisition with a frame 

grabber. (Briers, and Webster 1995, 36-42, Briers 2007, 139) The image resolution is 512 

× 512 pixels and a window of 5 × 5 or 7 × 7 pixels is taken to calculate the local speckle 

contrast. The contrast is calculated over a window pixel in a single image. The pixel 

square is moved by one pixel and contrast is computed for the next pixel. There are 

certain parameters that have to be considered when imaging with a CCD camera. (Briers 

2007, 139) 

A new speckle contrast analysis method called laser speckle imaging (LSI) has been 

attempted by considering the time domain approach to improve problems in spatial 

contrast analysis. (Cheng et al. 2003, 559-564) LSI is the temporal version of the LASCA 

technique, where the contrast is calculated on a single pixel over a number of frames. LSI 

can give better spatial resolution than LASCA. The application is limited to some 

specific areas because LSI represents a contrast value of 0 in both regions, including no 

flow and very high flow regions. Moreover, the temporal resolution is reduced as 

contrast is calculated on a single pixel over a number of frames. 

There are some advances over the basic LSI technique. Noise in LSI can be eliminated 

by applying a rotating diffuser. (Völker et al. 2005, 9782-9787) The diffuser provides a 

random speckle pattern and the acquired images are statistically independent. The 

2 
 



 

speckle contrast calculated from these images reduces noise without affecting spatial 

resolution. Nothdurft and Yao (Nothdurft, and Yao 2005) have shown that by alternately 

adjusting the camera parameters (incident power, exposure time, and time interval 

between continuative images), structures of tissue can be revealed. Bandyopadhyay et al. 

(Bandyopadhyay et al. 2005, 093110-093110-11) and Zakharov et al. (Zakharov et al. 

2006, 3465-3467) have made an asymptotic approximation of a commonly used contrast 

equation to improve time efficiency. Parthasarathy et al. have studied multi exposure 

speckle imaging (MESI) to overcome both drawbacks of LASCA and LSI techniques. 

(Parthasarathy et al. 2008, 1975-1989) 

Li et al. (Li et al. 2006, 1824-1826) first applied the laser speckle technique in 

perfusion imaging as laser speckle temporal contrast analysis (LSTCA). The speckle 

pattern on the camera consists of a stationary and a dynamic part. The stationary part has 

almost no information and is hence temporally homogeneous in perfusion imaging. The 

stationary part of the speckle pattern in LASCA can be spatially averaged, thereby 

reducing the signal to noise ratio (SNR). Only the dynamic part of the pattern is imaged 

in the final speckle image due to the temporal averaging used in LSTCA. This averaging 

eventually increases SNR  

Konishi et al. (Konishi et al. 2002, 163-169) has introduced a new technique known as 

laser speckle flowgraphy (LSFG) combining both spatial and temporal domains. In that 

work, speckle contrast was calculated by taking a pixel volume of a raw speckle image. 

In earlier LSFG studies, normalized blur (NB), which is the approximate inverse of 

speckle contrast and related to blood velocity, was used. In a recent study, the square blur 

ratio (SBR), which is proportional to the square of NB, was used. (Sugiyama et al. 2010, 

723-729) 

3 
 



 

Current LSFG systems have a spatial resolution of 100 × 100 pixels and a temporal 

resolution of 16 flowmaps/s over 1 mm2. The disadvantage of LSFG is that the temporal 

resolution decreased to a very low value as the spatial resolution increased. For SBR, this 

problem is only related to the temporal variation of the speckle fluctuations. A new index, 

the mean blur rate (MBR), can be used to overcome the time resolution problem. The 

MBR is calculated over a volume of 3 × 3 × 3 pixel matrix in 3D space time variations. 

The MBR can be obtained as the product of the SBR and a constant factor. The 

constant factor must be calculated due to interlace scanning mode of the CCD camera 

and depends on speckle size and pixel separation. A higher time resolution for the MBR 

value can be achieved by minimizing the number of sampling frames. Spatial resolution 

is higher for a lower number of pixels in the sampling area of a frame.  

Conventional LASCA can only provide tissue vascular structures. The relative 

measurement of blood flow must be obtained by other methods. Laser Doppler perfusion 

imaging can provide a theoretical model for microvascular perfusion monitoring, but has 

poor resolution and a long scanning mechanism. Forrester et al. (Forrester et al. 2002, 

687-697) have utilized both advantages for better resolution and faster response time in 

laser speckle perfusion imaging (LSPI). A polarized laser source (635 nm) is used to 

reduce specular reflection and the region of interest is illuminated by a laser beam using 

a single mode optical fiber. The imaging system is configured with a CCD camera and a 

polarization filter. 

The acquired raw speckle images are first averaged by spatial, temporal, or spatio-

temporal averaging filters to produce a reduced speckle image. The reduced speckle 

image reflects only non-fluctuating regions in the raw speckle image. A spatial 

smoothing operation is performed on a single raw speckle image. Similarly, temporal 
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averaging can be accomplished. Temporal averaging produces a better result when flow 

is present. Another method combining both spatial and averaging called temporal spatio-

temporal averaging can be used. A statistical sum of the difference is then calculated 

between the acquired and reduced speckle image. 

The sum of the difference index reveals the fluctuations in images. Forrester et al. 

(Forrester et al. 2002, 687-697) have confirmed LSPI with the laser Doppler method, 

thereby improving perfusion imaging. Temporal averaging at 1/60th second camera 

integration time and spatial smoothing at 1/500th second camera integration time provide 

very accurate velocity measurements of moving red blood cells. (Forrester et al. 2004, 

2074-2084) 

The s-LASCA technique is a similar to conventional LASCA. Speckle contrast, 

calculated in normal LASCA, is further averaged over a number of raw speckle images. 

For a display resolution of 520 × 696, the effective resolution drops to (520/M) × 

(696/M). Spatial resolution is improved and visualization becomes clearer than 

conventional LASCA. (Dunn et al. 2001, 195-201) 

However, t-LASCA is a temporal domain version of conventional LASCA. Speckle 

contrast is averaged for a pixel in the same location over many frames. A 3 × 3 window 

is used to calculate the local contrast. This method provides a satisfactory display 

capability and considerable increase in image resolution.  

An improved laser speckle imaging technique was developed by Ohtsubo and Asakura. 

(Ohtsubo, and Asakura 1976, 523-529) The first order temporal statistics of a time-

integrated speckle pattern were used for velocity mapping. Cheng et al. (Cheng et al. 

2003, 559-564) have developed a new technique called modified LSI (mLSI) that 

improves spatial resolution. First, 1 pixel is sampled in each frame and then pixels are 
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accumulated in this sequence of frames. The result of this pixel accumulation is inversely 

proportional to the velocity of scattering particles. Observation window size (W) is 3 × 3. 

The particular number of frames is essential for achieving adequate resolution, which is 

from 10 × 30 for larger vessels and from 16 to 30 for smaller vessels. 

Le et al. (Le et al. 2007, 833-842) have compared LASCA, s-LASCA, t-LASCA, and 

mLSI techniques with respect to contrast, subjective and objective visual qualities, and 

processing time. These parameters highly depend on the window size (M) for calculating 

local contrast and the number of frames (n). The LASCA technique degrades spatial 

resolution and provides consistent contrast values for M = 5 or 7, whereas s-LASCA 

enhances the effective resolution for M = 5 or 7. However, t-LASCA and mLSI (W = 3) 

techniques have a strong correlation each other. t-LASCA has better subjective and 

objective visual qualities than the s-LASCA and mLSI techniques. The t-LASCA (n = 10 

or 16) technique shows better visualization than mLSI (n = 10 or 16) and s-LASCA (M = 

5) in gray scale and color mapped images. LASCA takes only 0.4-1.2 s, whereas s-

LASCA produces useful results in 8.4, 20.6, and 41.7 s for M = 3, 5, and 7 in processing 

times. For mLSI, the first image can be produced in 10.4 s, and 0.9 s for the following 

images. However, t-LASCA can generate better results in 5.3 s for the first image and 0.3 

s for the following images. 

Due to these various laser speckle image analysis methods, laser speckle-based 

imaging techniques are widely used for imaging vascular structure and associated 

hemodynamics in both basic research and clinical studies. (Senarathna et al. 2013, 99-

110) In comparison to the currently available methods for vascular imaging such as: 

capillaroscopy, laser Doppler flowmetry (LDF), polarization spectroscopy, photo-

acoustic tomography, and tissue viability imaging, laser speckle-based imaging 
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techniques offer higher resolution and real-time imaging capabilities. Although LDF can 

measure blood flow at different vascular depths, the application of this method is limited 

due to the long scanning duration. In addition, radiographic techniques can produce 3D 

spatial information at the cost of low temporal resolution for cerebral blood flow (CBF) 

changes. Magnetic resonance imaging and positron emission tomography can map CBF 

but are not able to provide satisfactory resolution. The need for fast scanning and better 

spatiotemporal resolution has driven research in speckle-based analysis. Laser speckle-

based imaging techniques facilitate the study of various human physiological conditions 

such as monitoring retinal blood circulation and identifying occluded regions for diabetes 

affected patients, monitoring vascular response to external chemical or electrical stimuli 

in CBF of rodents, and characterization of atherosclerosis. Researchers also have 

employed this technique for studying responses to external mechanical or 

pharmacological interventions in animal studies. Applications include perfusion 

monitoring in skin flaps, burn areas, and foot ulcers. Most previous studies related to 

laser speckle-based imaging techniques are focused on observing small areas less than a 

few mm2 in size, as it is difficult to illuminate laser light evenly over a relatively broad 

area of a few cm2 or larger. In addition, it is important to obtain information about 

vasculature and blood flow in deep tissue layers using LSCI due to tissue turbidity. 

In this dissertation, LASCA-based image analysis techniques were used to obtain laser 

speckle contrast images (LSCI), which analyze spatial domain speckle information. The 

system was modified by using a holographic diffuser to acquire images of broad region 

of interest from a few mm2 to cm2. LSCI was utilized in several preclinical research 

studies to observe changes in blood vessels. Chapter 2 focuses on optimal parameter 

selection of the optical clearing agent (OCA) used to induce the optical tissue clearing 
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effects in order to apply OCA to the LSCI technique. In chapter 3, OCA with previously 

optimized parameters was applied to LSCI for the enhancement of LSCI in the 

observation of mouse femoral arteries, which consist of large blood vessels in a relatively 

deep tissue layer. In Chapter 4, LSCI was utilized to evaluate blood vessel alteration in a 

rabbit ear region using the IPL effect in conjunction with an OCA. In this study, 

transillumination imaging techniques were also used to evaluate morphological changes 

of blood vessels. Experiments were performed in collaboration with the Department of 

Dermatology at Yonsei University. Chapter 5 focuses on the evaluation of arthritis 

severity and early stage arthritis by LSCI and erythema index imaging techniques. Two 

types of evaluation arthritis studies were conducted. This study was conducted 

consecutively in collaboration with the Department of Internal Medicine and the Institute 

of Immunology at the Catholic University of Korea. While LSCI was applied to various 

preclinical studies, other optical imaging techniques were also utilized to assist LSCI. 

During the studies, several noise and error sources occurred in the process of image 

acquisition on the same sample using different imaging modalities. When the sample was 

moved from one imaging modality to another, the sample state might have changed and 

so it was difficult to adjust the same region of interest. Therefore, in the final chapter, a 

multimodal optical imaging system (MOIS) was developed to solve these problems. The 

MOIS can obtain several optical images such as real time laser speckle contrast imaging, 

polarization imaging (cross and parallel polarization imaging), erythema index imaging, 

melanin index imaging, and fluorescence imaging. 
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Chapter 2 

Effective Parameter Selection of Optical Clearing 

Agent to Induce Optimal Tissue Clearing Effect 

2.1 Introduction 

Optical clearing agents (OCAs) have been studied to solve the light scattering problem 

in tissue, beginning with Tuchin et al. who first introduced the optical tissue clearing 

(OTC) method using trazograph, glucose, and polyethylene glycol in 1997. (Tuchin et al. 

1997, 401-417) The OTC method uses hyperosmotic chemical agents with high refractive 

index to reduce light scattering, thus enhancing the light penetration depth in tissue. 

(Tuchin 2007, 1621-1628) The OTC method is based on several mechanisms such as 

dehydration, (Rylander et al. 2006, 041117-041117-7) reduction of refractive index 

mismatch between collagen and the surrounding medium, (Vargas et al. 1999, 133-141) 

and collagen dissociation, (Yeh et al. 2003, 1332-1335) which all lead to a reduction in 

the light scattering coefficient. However, the mechanisms of the OTC method have not 

been clearly understood. (Yeh et al. 2003, 1332-1335) 

Various OCA studies have been conducted due to the utility of OCAs. Some studies 

investigated the efficacy of different OCAs such as glycerol, propylene glycol, 

butanediol, butanol, and polyethylene glycol (PEG200, PEG400) on skin, (Wen et al. 

2009, 6917). Others investigated various methods to increase transdermal delivery of 

OCAs such as dermal injection, (Mao et al. 2008, 72781T-72781T-7) needle-free 

injection, (Stumpp, and Welch 2003, 44-50) microneedling, (Yoon et al. 2008, 021103-

021103-5) ultrasound, (Yoon et al. 2010, 412-417) laser light, (Liu et al. 2010, 132-140) 

and mixing with delivery agents (Jiang, and Wang 2004, 5283). In addition, different 
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optical techniques, such as polarization imaging, optical coherence tomography (OCT), 

(Wang et al. 2001, 948-953) light transmittance and reflectance, (Choi et al. 2005, 72-75) 

laser speckle imaging, (Son, Lee, and Jung 2013, 86-90) various types of microscopy 

including multiphoton microscopy, (Zhu et al. 2010, 026008-026008-7) fluorescence 

microscopy (Stumpp, and Welch 2003, 44-50), and second harmonic generation (SHG) 

microscopy, (Wen et al. 2010, 44-52) have been used in order to evaluate the efficacy of 

the OTC methods. Nevertheless, none of the studies has evaluated such fundamental 

parameters as concentration and application time of OCAs simultaneously. Thus, the 

purpose of the present work is to examine all aspects of OCAs in order to explore the 

correlation between such parameters for optimal OTC effects. It was demonstrated that 

glycerol is one of the most efficient OCA and biocompatible materials. (Mao et al. 2008, 

021104-021104-6) Therefore, glycerol was chosen as the agent under study in this work. 

This study was implemented with ex-vivo porcine skin samples to determine the 

optimal concentration of glycerol in OTC. The efficacy of OTC was evaluated as a 

function of glycerol concentration with optical coherence tomography (OCT) and 

ultrasound images. OCT was used to evaluate light penetration depth, which is related to 

light scattering. Ultrasound images were used to quantitatively evaluate collagen density, 

which may be related to the degree of collagen dissociation.  

 

2.2 Materials and Methods 

2.2.1 Sample preparation  

Figure 2.1 shows a schematic diagram of ex-vivo porcine skin sample preparation. The 

porcine skin samples (n=3 for each experiment) were prepared in batches of 2-3 mm 

thickness and 50 × 60 mm2 area and coated with a 60 × 70 mm2 polyester film as 

introduced by Genina et al.. (Genina et al. 2008, 021102-021102-8) This coating process 
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was performed in order to inhibit the unnecessary natural dehydration of skin samples 

during the experiment. A 20 × 25 mm2 window was made in the middle of each film, 

where the glycerol was topically applied and measurements were performed. The 

temperature of the experiment was maintained at 18℃. 

 

 

Figure 2.1 Schematic diagram of ex-vivo porcine skin sample preparation: (a) porcine skin sample; 
(b) polyester film that prevents the skin sample from natural dehydration; (c) porcine skin sample 

under a polyester film with a window for glycerol application and measurements. 
 

2.2.2 Glycerol preparation and application 

Glycerol was prepared in five different concentrations of 50, 60, 70, 80, and 90%. In 

order to avoid possible edema by dermal injection, topical application was adopted in 

this experiment. (Mao et al. 2008, 72781T-72781T-7) 3 ml of glycerol solution was 

applied to ensure that the results are not dependent on the amount of glycerol. Glycerol 

was gently removed right before measurement and applied again as soon as 

measurements were carried out. 

 

2.2.3 Analysis of light penetration depth 

B-scan images of OCT (OCP930SR, Thorlabs, Newton, NJ, USA) were acquired 

before, 10, 30, and 60 minutes after glycerol application to analyze the enhancement of 
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light penetration depth in the presence of OTC for each sample. The imaged area was 

marked to eliminate locational error caused by repeated measurements. In order to 

quantitatively analyze the OCT results, the variation of light penetration depth was 

calculated according to the procedures in Guo et al. (Guo et al. 2011, 734-740) In 

order to reduce the random noise of intensity profiles, thirty A-scan data points were 

averaged The normalized intensity profiles of OCT images were then obtained as a 

function of depth. The quality of the OCT intensity profiles was greatly improved with 

the normalization process, which removes random noise. After the normalization process, 

penetration depth was defined at 1/e2 (about 13 %) of the intensity at the surface. The 

penetration depth was obtained from all samples at each time. The increase of light 

penetration depth is calculated by comparing the ratio of the penetration depth at each 

elapsed time with the first measurement value (before glycerol application) for each 

concentration. 

 

2.2.4 Analysis of collagen density in tissue 

Collagen dissociation was evaluated with a 22 MHz ultrasound scanner. (SkinScanner, 

taberna pro medicum, Lüneburg, Gemmany) B-scan ultrasound images provide collagen 

information under the skin. The axial and lateral resolution was 50 and 300 μm, 

respectively. The ultrasound images were acquired before, 10, 30, and 60 minutes after 

glycerol application. After the final measurement, a saline solution was applied to the 

porcine skin sample and ultrasound images were acquired 30 minutes later. The acquired 

images were analyzed using the SkinScanner program to quantify the collagen density 

variation in the skin sample before and after glycerol application and saline solution 

application. The analysis depth was set to 1.5 mm and the collagen density was 

automatically calculated. 
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2.3 Results 

Figure 2.2 shows B-scan images of OCT as a function of glycerol concentration and 

time. The intensity in the OCT images decreases across all glycerol concentrations over 

time. As a result, the intensity of deeper tissue layers is gradually visualized over time 

across all glycerol concentrations. Images indicated as “A” show high intensity at the 

surface region, low intensity at the middle layer, and no intensity at the deeper region. 10 

min after glycerol application (images on “B” row of Fig. 2.2), the surface intensity 

decreases across all glycerol concentrations. In particular, the 70, 80 and 90% glycerol 

application (Fig. 2.2 B-(c), (d), and (e)) shows a significantly decreased intensity at the 

surface compared to 50 and 60% glycerol application (Fig. 2.2 B-(a) and (b)). In Figure 

2.2 C-(c), (d) and (e), corresponding to the 70, 80, and 90% glycerol application, 

respectively, the surface intensity consistently decreased and the intensity in the middle 

region began to increase for all glycerol concentration. Figure 2.2 C-(a) and (b) shows 

that the intensity in the surface region is decreased slightly and the intensity of the 

middle region shows no noticeable changes. The intensity in Figure 2.2 D-(c), (d) and (e) 

images show relatively even distributions over the entire region as compared to Figure 

2.2 D-(a) and (b) which present lower intensity for deeper regions and the intensity at the 

surface continue to exhibit a high intensity. 

Figure 2.3 shows the increase in light penetration depth, calculated from the intensity 

profiles from OCT images (Fig. 2.2). The light penetration depth increased for all 

concentrations over time. The 70% glycerol sample shows the most significant rate of 

increase for all times (39.55 % at 60 minute). Generally, 80% and 90% glycerol samples 

showed an increase in light penetration over 50 and 60% glycerol. 
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Figure 2.2 B-scan OCT images. The letters (a)-(e) denote 50%-90% glycerol, respectively and A-D 
denote before, 10 minutes, 30 minutes, and 60 minutes after glycerol application, respectively. 

 

 

Figure 2.3 Percent increase of light penetration depth calculated from Fig. 2.2. 
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Figure 2.4 shows the B-scan ultrasound images as a function of glycerol concentration 

and time. The green color, which is related to collagen intensity of the tissue, decreased 

across all glycerol concentrations over time. In Figure 2.4 A, there are many green color 

regions in each image, which implies that collagen is highly distributed in the tissue and 

shows a sample-dependent collagen density owing to the different initial conditions for 

each sample. Figure 2.4 B represents images recorded 10 min after glycerol application. 

There was a decrease in collagen density for all glycerol concentrations. 30 min after 

glycerol application (Fig 2.4 C), all images show a decrease in green color regions, which 

implies that collagen decreased. 70, 80, and 90% glycerol solution application (Fig 2.4 C-

(c), (d) and (e)) showed a noticeable decrease in green color regions. 60 min after 

glycerol application (Fig 2.4 D), the green color region distribution dramatically 

decreased for all glycerol concentration. In particular, 70% glycerol (Fig. 2.4 D-(c)) 

showed the largest decrease in green color regions. The green color regions appeared to a 

similar degree compared with the initial state (Fig. 2.4 A) for all glycerol concentration 

samples after saline solution was applied to the samples (Fig. 2.4 E). 

Figure 2.5 shows the percent decrease of collagen density calculated from ultrasound 

images. The collagen density gradually decreased across all glycerol concentrations over 

time. In particular, the 70% glycerol solution showed the greatest percent decrease in 

collagen density (44.7%). 
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Figure 2.4 Collagen density images. The letters (a)-(e) denote 50%-90% glycerol, respectively and 
A-D denote before, 10 minutes, 30 minutes, and 60 minutes after glycerol application, respectively. 

E denote 30 minutes after saline application for recovery. 
 

 

Figure 2.5 Percent decrease of collagen density calculated from ultrasound images. 
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2.4 Discussion 

OTC effects were confirmed during the experiments and the optimal concentration of 

glycerol was cross-evaluated by measuring: 1) light penetration depth variations in OCT 

images and 2) collagen density variations in ultrasound images. Two major mechanisms 

of OTC including refractive index matching and collagen dissociation were confirmed by 

measuring the penetration depth and the collagen density before and after glycerol 

application, respectively. 

In the initial state, the OCT images show a high intensity at surface regions and no 

intensity for deeper regions. The intensity is related to back scattered signals from 

biological tissue and also determines image quality. High intensity implies the presence 

of many back scattered signals from the sample and high scattering characteristics. Thus, 

light cannot penetrate deep into biological tissue. When glycerol was applied to the 

sample, these back scattering signals from the biological tissue change according to the 

OTC effect. In this study, glycerol was topically applied to the sample and therefore the 

OTC effect depends on the diffusion of glycerol. The OTC effect originated from the 

near surface region. This observation implies that the glycerol did not penetrate deeply 

enough into the tissue for the first measurement (Figure 2-2 B). Instead, the OTC effect 

was induced near the surface region. Moreover, the OTC effect was not induced 

identically in all glycerol concentration near the surface. 70, 80, and 90% glycerol 

concentration shows a stronger decrease in intensity near the surface region in 

comparison to 50 and 60% glycerol concentrations. It seems that the higher concentration 

of glycerol induces a greater OTC effect. The intensity of deeper regions, not shown in 

the initial state, gradually came into sight due to an increase in light penetration over 

time. This phenomenon also represents a different behavior of the glycerol concentration. 
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The intensity of deeper regions was largely present in lower concentrations (50 and 60%) 

of glycerol although the surface region intensity did not sufficiently decrease as 

compared to higher concentrations (70, 80, and 90%). This difference is due to the lower 

concentration of glycerol that can penetrate deep into tissue more rapidly than higher 

concentrations. This different OTC effect tendency according to glycerol concentration 

continued over time. The higher glycerol concentrations (70, 80, and 90%) show an even 

intensity distribution and a lower glycerol concentration (50 and 60%) shows an uneven 

distribution in intensity because low glycerol concentrations could not induce sufficient 

OTC effects over the entire region. Although higher glycerol concentrations show an 

improved OTC effect, it is difficult to select an optimal glycerol concentration from the 

OCT images. The 70% glycerol concentration had the most significant quantitative OTC 

effect. 

According to previous studies, (Yeh et al. 2003, 1332-1335) a consequence and 

necessary condition of OTC is the destabilization of higher-order collagen structures. It 

has also been assumed that collagen is mainly responsible for light scattering in tissue 

since it is the major constituent of tissue. Ultrasound images were acquired to assess the 

variation in collagen density and show a similar tendency compared to OCT results. The 

collagen density was reduced for all images due to the OTC effect over time. 70% 

glycerol samples showed a remarkable reduction in collagen density and a relatively even 

reduction over the entire region 60 min after glycerol application. This tendency is 

similar to the OCT results and may be related to the transdermal delivery method of the 

glycerol solutions. The transdermal delivery of glycerol is accomplished by natural 

diffusion. The diffusion of glycerol into the skin can be explained by Fick’s law of 

diffusion, where the skin permeability is inversely proportional to concentration. This 
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relation implies that a low concentration of glycerol can more easily diffuse into the skin. 

However, the 70% glycerol sample had a remarkable OTC effect. It might be that 

concentrations lower than 70% glycerol are not sufficient to induce an improved OTC 

effect. Glycerol concentrations higher than 70% could not permeate enough into deep 

regions. It is possible that there is a trade-off between the concentration and viscosity of 

glycerol to induce optimal TOC effects. 

In this study, the major mechanisms of OTC effects were verified by measuring an 

increase in light penetration depth using OCT, which is related to index matching and a 

decrease in collagen density using an ultrasound scanner. A decrease in collagen density 

is related to collagen dissociation. The 70% concentration was determined to induce 

optimal OTC effects. 
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Chapter 3 

Contrast Enhancement of Laser Speckle Imaging 

using Optical Clearing Agent 

3.1 Introduction 

Monitoring of subcutaneous blood flow provides critical information on the condition 

of biological tissues and the various disorders in human organs and so is of high 

importance in fundamental studies. (Bray et al. 2006, 1650-1659, Murari et al. 2007, 

5340-5346) 

Optical methods such as laser Doppler flowmetry (LDF) and laser Doppler imaging 

(LDI) have been widely used as clinical tools to measure tissue blood perfusion and to 

detect vasculature with minimal invasiveness. (Forrester et al. 2004, 2074-2084) LDF has 

been typically used to monitor the relative changes in blood flow with temporal 

resolution. However, LDF is based on a point measurement method that measures only a 

specific site in the entire vasculature. Although LDI provides spatial information, it 

requires a long scanning time to obtain spatially resolved images of relative blood flow 

changes. Therefore, LDI temporal resolution is insufficient for imaging the changes in 

blood flow. The trade-off between spatial and temporal resolutions limits the use of laser 

Doppler methods in many clinical and research applications. (Bray et al. 2006, 1650-

1659, Forrester et al. 2003, 151-157, Forrester et al. 2002, 687-697, Yuan et al. 2005, 

1823-1830) 

Laser speckle contrast imaging (LSCI) provides two dimensional (2D) images of blood 

flow velocity in biological tissue and has been widely used due to its simplicity, real-time 
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feedback, and negligible motion artifacts. (Forrester et al. 2004, 2074-2084, Yuan et al. 

2005, 1823-1830) In addition, LSCI provides a noninvasive full-field image without a 

trade-off between spatial and temporal resolution. LSCI has been utilized for various 

studies such as peripheral arterial occlusive disease, blood flow in the cerebrum and 

cortex, retinal optic nerve disorders, blood flow in near surface tissues such as skin and 

mesenteric microcirculation, and in vivo dorsal skin fold microvasculature. (Cheng et al. 

2003, 5759-5764, Murari et al. 2007, 5340-5346) However, to the best of our knowledge, 

there is a paucity of imaging studies of the vasculature and blood flow in deep tissue 

layers due to tissue turbidity.  

Various optical and image processing methods have been proposed for enhancing the 

contrast of LSCI in subcutaneous blood flow measurements. (Cheng et al. 2003, 559-564, 

Cheng et al. 2004, 5772-5777, Kirkpatrick, Duncan, and Wells-Gray 2008, 2886-2888, 

Murari et al. 2007, 5340-5346, Ramirez-San-Juan et al. 2008, 3197, Tom, Ponticorvo, 

and Dunn 2008, 1728-1738, Völker et al. 2005, 9782-9787) However, LSCI still suffers 

from low image contrast. The limitation of laser penetration depth in tissue due to the 

light scattering has nonetheless been partially addressed. In this study, a physicochemical 

tissue optical clearing (PCTOC) method (Yoon et al. 2008, 021103-021103-5) effective 

in the reduction of light scattering in tissue was applied to enhance the contrast of LSCI 

of vasculature in deep tissue layers, which cannot be clearly observed by the naked eye. 

 

3.2 Materials & Methods 

3.2.1 Principle of Laser Speckle Contrast Imaging 

Speckle is a random interference pattern produced by fluctuations in the spatial or 

temporal intensity of laser scattered from an illuminated surface. When illuminated 
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particles move, the interference pattern changes over time. Finally, a time-varying 

speckle pattern is generated. LSCI is used to statistically analyze intensity fluctuations of 

the time-varying speckle pattern and determine the 2D velocities of moving particles with 

good spatial and temporal resolution. 

The intensity variation is quantified by local speckle contrast and is defined as the 

ratio of the standard deviation to the mean intensity of the speckle image: (Choi et al. 

2006, 041129-041129-7) 

I
σ

Κ
< >

s= ,                        (3.1) 

A window of N × N pixels is moved to compute the local speckle contrast along the 

image. The window size is typically chosen by considering the trade-off between 

statistical accuracy and spatial resolution. A small window size reduces the statistical 

accuracy, whereas a larger window size limits spatial resolution. This study used a 5 × 5 

pixel window.  

To ensure proper sampling for LSCI, it is necessary that the size of a single speckle in 

the imaging plane approximately equals the size of a single pixel in the charge coupled 

device (CCD) camera. The speckle size is determined as follows: (Forrester et al. 2004, 

2074-2084) 

1.2 ( 1) /#d M fλ= ⋅ + ⋅ ⋅ ,             (3.2) 

where d is the speckle size, M is the magnification of the imaging system, λ is the 

wavelength of the laser, and f / # is the f-number of the camera lens. In this study, the 

appropriate speckle size was determined by adjusting f / #. 
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3.2.2. Laser Speckle Contrast Imaging Modality 

Figure 3.1 shows the schematic diagram of the experimental setup. A diode laser 

(HL6512MG; 658 nm, 50 mW; Thorlabs, Newton, NJ, USA) was coupled into an optical 

fiber. A holographic diffuser was mounted in front of the optical fiber to achieve an even 

and large illumination of laser light over a broad region of interest (ROI). The ROI was 

imaged with a monochromatic progressive scan CCD camera (XC-HR57; Sony, Tokyo, 

Japan) with a resolution of 648 × 494 pixels. Ex and in vivo LSCIs were obtained, 

respectively, using a fixed focal length lens and a zoom lens, imaging areas of 

approximately 25 × 30 mm2 and 7 × 9 mm2, and exposure times of 10 ms and 4 ms. The 

exposure time was empirically determined based on preliminary experiments. Images 

were acquired at 30 Hz with a frame-grabber (DOMINO IOTA; Euresys, Angleur, 

Belgium). 

 

Figure 3.1 Schematic diagram of laser speckle imaging modality. 

 

3.2.3. Sample Preparation 

Ex vivo porcine skin samples were obtained from a local butcher shop and the 

experiment was performed within 2 days after obtaining the samples. The samples were 
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prepared with a thickness of approximately 1.45 mm and a size of 3 × 4 cm2 by removing 

the subcutaneous fat layer.  

For in vivo experiments, male ICR mice (n = 3) weighing 40 to 45 g were anesthetized 

with ketamine (1.5 ml/kg) and xylazine (0.5 ml/kg) intraperitoneally. Body temperature 

was constantly maintained using a small heating lamp during the experiment. The left 

femoral artery was selected for LSCI because of its deep vasculature. All hair was shaved. 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committees (IACUC) at Yonsei University, South Korea. 

 

3.2.4. PCTOC Method 

A PCTOC method, (Yoon et al. 2008, 021103-021103-5) which combines the 

microneedling method and the topical application of glycerol, was applied to ex vivo and 

in vivo experiments before taking LSCIs. A microneedle roller (Clinical Resolution 

Laboratory, Inc; Los Angeles, CA, USA) was used to create artificial microchannels in 

the skin for trans-epidermal delivery of glycerol and, consequently, to reduce the 

diffusion time of glycerol. (Yoon et al. 2008, 021103-021103-5) The microneedle roller 

was applied 50 times in the vertical, horizontal, and diagonal directions, and 70% 

glycerol was then topically applied to the skin surface. 

 

3.2.5. Experiment Design 

In the ex vivo experiment, a pumping system consisting of a laser speckle contrast 

imaging modality was used to circulate a 0.1% intralipid solution at speeds of 0 and 5 

ml/sec. The ex vivo porcine skin samples were placed in the tubing and treated with the 

PCTOC. LSCIs were obtained before and 90 min after glycerol application. In the in vivo 
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ICR mice experiment, LSCIs were obtained every 10 min up to 30 min after the 

application of the PCTOC. Saline solution was then applied for 30 min to obtain skin 

recovery images. For quantitative analysis of LSCI, nonvasculature regions and both 

small and large vasculature regions were randomly selected and numbered as shown in 

the first image of Fig. 3.4(a). 

 

3.2.6. Quantitative Evaluation of LSIC 

The PCTOC enhances light penetration depth by reducing light scattering in tissue, 

thus revealing more vasculature in deep tissue layers. As a result, LSCI provides more 

clear blood flow information in vasculature. Such an effect was quantitatively evaluated 

by computing relative speckle index (RSI) from the ex vivo and in vivo LSCIs with a 

custom MATLAB (Natick, MA, USA) program: 

RSI = MVt/MV0.                                           (3.3) 

In the ex vivo experiment (Fig. 3.2(b)), MV0 and MVt indicate the average pixel 

values of three tubing regions before and 90 min after glycerol application, respectively. 

In the in vivo experiment (Fig. 3.4(b)), MV0 and MVt indicate the average pixel values of 

images before glycerol application and at an elapsed time t, respectively. The identical 

ROI was selected for analysis as a function of time. Greater RSI means faster blood flow 

velocity.  

 

3.3 Results 

Figure 3.2(a) shows the change in tissue turbidity that resulted from applying the 

PCTOC to ex vivo porcine skin samples. Only the tubing images (top images) show a 

highly distinguishable tubing structure from the surrounding regions. In the middle 
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images, the tubing structure was not discernible, owing to tissue turbidity caused by the 

skin sample placed on the tubing. However, 90 min after glycerol application, the tissue 

turbidity was sufficiently reduced to observe the tubing structure under the skin sample 

(bottom images). 

Figure 3.2(b) shows ex vivo LSCIs depending on the velocity of the intralipid solution 

and PCTOC effects. The top image in Fig. 3.2(b) shows a clear LSCI of tubing without 

ex vivo porcine skin samples. However, image contrast decreased after the skin sample 

was placed on the tubing (middle images). 90 min after the application of the PCTOC, 

the LSCI (bottom images) shows similar image contrast to that of images with only 

tubing (top images). 
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Figure 3.2 (a) White light images of the ex vivo experiment. Top: tubing-only images, middle: 
tubing image under ex vivo porcine skin sample, bottom: tubing images under ex vivo porcine skin 
sample 90 min after applying physicochemical tissue optical clearing (PCTOC). The left, center, 
and right images in each row indicate the cases of no intralipid solution in the tubing, intralipid 

solution in the tubing at 0 ml/sec, and at 5 ml/sec, respectively. (b) Laser speckle contrast images 
of (a). 

 

 
Figure 3.3 Relative speckle index of the ex vivo experiment computed from the middle and bottom 

laser speckle contrast images (LSCI) in Fig. 3.2(b) using equation (3.3). 
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Figure 3.3 shows a quantitative analysis of RSI changes in the LSCI as calculated from 

the middle and bottom images in Fig. 3.2(b) using equation (3.3). The RSI increased after 

the application of the PCTOC and as a function of flow velocity of the intralipid solution. 

The RSI increased by 6.18, 34.18, and 87.15% for the cases without the intralipid 

solution inside the tubing, and with intralipid solution inside the tubing at 0 and 5 ml/sec, 

respectively. 

 

 
Figure 3.4 (a) The images from left to right indicate white light images of in vivo ICR mouse 

obtained at 0, 10, 20, and 30 min after applying physicochemical tissue optical clearing (PCTOC), 
and 30 min after applying the saline solution at the end of the PCTOC application. Regions 1, 2, 

and 3 indicate nonvasculature, small, and large vasculature regions. (b) Laser speckle contrast images 
(LSCI) of (a). 
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Figure 3.5 Relative speckle index in nonvasculature, small, and large vasculature regions of three 
in vivo ICR mice. 

 

The subcutaneous vasculature, which is not clearly visible to the naked eye, became 

visible after applying PCTOC (Fig. 3.4(a)). The vasculature was clearly observed 30 min 

after applying PCTOC and returned to normal 30 min after the application of the saline 

solution. 

Figure 3.4(b) shows the LSCIs of Fig. 3.4(a). The LSCI increased as a function of time 

after the application of the PCTOC and decreased after the application of the saline 

solution. Fig. 3.5 shows the quantitative analysis of RSI as a function of time for 

nonvasculature, small, and large vasculature regions in three in vivo ICR mice. The RSI 

increased approximately by 4.8, 17.5, 39.9% in nonvasculature, small, and large 

vasculature regions, respectively. 

 

3.4 Discussion 

The PCTOC effects were evaluated by observing the tubing structure under the ex vivo 

porcine skin sample and the in vivo vasculature of an ICR mouse (Figs. 3.2(a) and 3.4(a)). 
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A noticeable tissue optical clearing effect was observed 30 min after applying PCTOC in 

the in vivo experiment, indicating enhancement of the light penetration depth in the 

mouse skin. However, only glycerol application without microneedling treatment did not 

induce significant tissue optical clearing effects, probably owing to nonpermeability of 

glycerol in the mouse skin. (Yoon et al. 2008, 021103-021103-5) The microneedles 

produce multiple artificial microchannels in the skin and consequently increase the 

diffusion of glycerol through the perforated epidermis. 

Most previous studies have focused on the observation of in vivo vasculature exposed 

by surgical procedures that can also be clearly observed by the naked eye, and with 

shallow in vivo capillaries. Herein, LSCI combined with the PCTOC was applied to 

image relatively deep subcutaneous vasculature. LSCI normally provides a highly 

perfused skin image owing to the light scattering properties of tissue. However, when the 

skin was treated with the PCTOC, the LSCI clearly provided flow information of the 

intralipid solution in the tubing and the blood in the femoral artery (Figs. 3.2(b) and 

3.4(b)). 

As shown in Figs. 3.2(b) and 3.3, LSCI depends on the application of the intralipid 

solution. Without the application of the PCTOC, LSCI did not adequately reflect the flow 

information of the intralipid solution in the tubing (middle images in Fig. 3.2(b)). 

However, LSCI and RSI increased after the application of the PCTOC (bottom images in 

Figs. 3.2(b) and 3.3). When the intralipid solution was inside the tubing, LSCI somewhat 

increased even at 0 ml/sec after the application of the PCTOC. This increase may be due 

to the fact that the stationary intralipid solution slowly moves and scatters the 

illuminating laser light. The tubing structures were distinguishable and the flow 

information of the intralipid solution can be verified due to the enhanced LSCI. The 
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tubing region shown in the bottom images in Fig. 3.2(b) exhibits an LSCI similar to that 

of the top images, but the surrounding region of the tubing shows an increased LSCI 

(bottom center and right images). This increase may occur due to the reduction in tissue 

turbidity through the introduction of PCTOC, which enhances the LSCI in not only the 

tubing region but also the surrounding region of the tubing. 

As shown in Fig. 3.4(b), the LSCI increased as a function of time and the femoral 

artery gradually exhibited faster blood flow, showing more regions of small and large 

vasculature, which indicates a reduction in tissue turbidity. The LSCI changed more 

rapidly in large vasculature than in small vasculature because more red blood cells may 

reflect better LSCI. In addition, LSCI increased as a function of time after the application 

of the PCTOC because of a reduction in tissue turbidity. The nonvasculature regions did 

not show significant changes, because no blood flow information was reflected in the 

LSCI. When saline solution was applied to a transparent skin region, the LSCI recovered 

to a normal skin condition as the transparent skin may become turbid again by the 

introduction of the saline solution. (Vargas et al. 2003, 541-549) In general, 

subcutaneous blood flow, which is a dynamically fluctuating biological variable and has 

substantial spatial heterogeneity, is normally invasively monitored by performing open 

surgery to reveal vasculature. (Cheng et al. 2003, 5759-5764, Cheng et al. 2003, 559-564, 

Cheng et al. 2004, 5772-5777, Murari et al. 2007, 5340-5346, Yuan et al. 2005, 1823-

1830) However, subcutaneous blood flow was successfully monitored in real time in the 

present study without open surgery by applying PCTOC, which clearly reveals 

vasculature in deep tissue layers. 
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Chapter 4 

Evaluation of IPL effects combined with the 

introduction of an optical clearing agent for blood vessel 

alteration using optical imaging (Laser Speckle Imaging 

and Transillumination Imaging) 

4.1 Introduction 

Blood flow is essential for maintaining a healthy body. The blood circulatory system is 

responsible for delivering oxygen and nutrients to cells and is used to filter out waste and 

carbon dioxide. Without the proper functioning of this system, diseases can be developed, 

causing a wide range of health problems, many of which can be fatal over time. 

There are many causes of circulatory problems. These problems can be classified into 

5 groups: traumatic, compressive, occlusive, tumors/malformations, and vasospastic 

(spasm of the artery, which causes a reduction in diameter and thus blood flow). 

Circulatory problems may occur more commonly in individuals with certain diseases 

such as diabetes, hypertension, or kidney failure, or in dialysis patients. Occupational 

exposure (vibrating tools, cold) can be a factor. Smoking can also aggravate and cause 

circulatory disease. 

Treatments of these diseases include drug therapies such as anti-inflammatories and 

clot dissolvers, physiotherapy, exercise, massage, flowtron therapy, hyperbaric oxygen 

therapy, electromagnetic therapy, vibrotherapy, and complementary approaches to 

improve blood flow, heal tissue, and relieve pain, inflammation and fatigue. Most of 
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these methods induce vasodilation to improve blood flow. However, most present 

treatment methods are focused on drugs. The previously mentioned treatment devices 

have not yet been developed into therapeutic procedures. 

Originally, intense pulsed light (IPL) has been widely used for the treatment of 

vascular legions for cosmetic problems, including irregular pigmentation, vascular 

lesions, telangiectasias, hypertrichosis, and rhytides. The core technology involves the 

use of polychromatic broadband flashlamps equipped with optical filters that allow the 

transmission of noncoherent light to the skin in the visible to infrared wavelength bands 

(500 to 1200 nm). (Babilas et al. 2010, 93-104, Ciocon, Boker, and Goldberg 2009, 290-

300)  

The mechanism of vascular legion treatment, which is key indication of IPL treatment, 

is related to their selective absorption of photons by endogenous or exogenous 

chromophores within the tissue and the transfer of energy to chromophores such as 

oxyhemoglobin (predominately found in clinically red lesions), deoxygenated 

hemoglobin (predominately in blue lesions), and methemoglobin, with absorption 

wavelength peaks of 418, 542, and 577 nm. (Raulin, Greve, and Grema 2003, 78-87) This 

transfer generates heat and subsequently destructs the target structure. (Ciocon, Boker, 

and Goldberg 2009, 290-300, Soltes 2010, 489-499) Transferring energy from IPL to 

blood vessels may act as a type of stimulation if the energy is not excessively high to 

destroy blood vessels. In practice, high doses are used for the treatment of vascular 

disorder using the IPL device. There is another reason for the application of high doses. 

When the IPL is applied to skin, most energy is absorbed by the surface region. 

Therefore, a higher dose of energy has to be applied to the disordered region. This higher 

dose results in side effects due to the direct application of high doses to the skin. Hence, 
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the skin must be sufficiently cooled during treatment to protect the epidermis from 

burning. Cooling can be performed using cooling gels, ice gels, contact spray cooling, or 

special cooling hand pieces. (Miyake, Miyake, and Kauffman 2001, 549-554) The 

cooling of the skin surface may aid in the reduction of side effects of the IPL treatment, 

but this proposed solution will require additional studies. 

In this study, an IPL device was used to stimulate blood vessels. The IPL was applied 

to a rabbit ear where the highly vascular distributed region and optical clearing agent 

(OCA) was used with IPL to improve the energy delivery from IPL to blood vessels and 

reduce side effects. Blood vessel alteration was observed using a laser speckle contrast 

imaging (LSCI) modality and transillumination image system. 

 

4.2 Materials & Methods 

4.2.1 Animal preparation 

Five female New Zealand white rabbits (7-8 weeks) were used for the experiment. 

Nine ears from five rabbits were selected in the sample and divided into two groups: five 

ears for the IPL applied group and four ears for the microneedling applied group 

(OMAG). The IPL applied group was divided into two groups: IPL applied group 

(OIAG) and IPL applied with OCA group (IAWOG) by selecting different regions. The 

rabbits were anesthetized with Ketamine (50mg/Kg) and Xylazine (10mg/Kg) 

intraperitoneally in all image acquisition procedures. The hair around the sample region 

was shaved before all image acquisition procedures. A period of time was reserved for 

image acquisition to avoid unnecessary stimulation of blood vessels due to shaving. The 

experimental protocol was approved by the Institutional Animal Care and Use 

Committees (IACUC) at Yonsei University, South Korea. 
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4.2.2 Optical imaging system 

LSCI was utilized to evaluate blood flow changes. The same laser speckle imaging 

modality (LSIM) was used, as in Chapter 3 “Contrast Enhancement of Laser Speckle 

Imaging using OCA” and is described in further detail in Chapter 3.2.2. 

Transillimumination imaging modality (TIM) was used to evaluate morphological 

changes of blood vessels. Figure 4.1 is a schematic diagram of the TIM. The modality 

consist of a DSLR camera (EOS 600D, Cannon, Tokyo, Japan) for obtaining color 

images, an LED ring light was used as a light source. The polarizers were used for 

elimination of surface reflection, which were placed in front of the camera and ring light. 

The sample stage was transparent to passing light. The imaging areas of LSIM and TIM 

are approximately 25 × 30 mm2 and 30 × 50 mm2. The imaging area of LSIM is inside 

the area of TIM. 

 
Figure 4.1 Schematic diagram of transillumination imaging modality. 

 

4.2.3 Experimental procedure 

The 70% glycerol solution selected in the previous study – chapter 2 was used as an 

OCA in conjunction with a microneedle roller, which is used for reducing optical 

clearing effect induction time. The IPL device (Nymph Light, UMES, Korea) was used to 
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stimulate blood vessels at 60 J/cm2, in 3 pulse mode, for an 8 ms pulse duration, a 5 ms 

pulse delay, and with a 500 nm high pass filter. 

 
Figure 4.2 Nymph Light. 

 

In each step of the image acquisition procedure, both transillimumination images and 

raw speckle images were acquired using TIM and LSIM. In the initial state, images were 

acquired from each group. The sample was treated with a microneedle for OMAG and 

images were acquired after microneedle application. The OIAG was treated with IPL and 

images were acquired after IPL application. The IAWOG was treated with a microneedle 

roller and images were then acquired. OCA was topically applied to the IAWOG. Images 

were then acquired 30 minutes later. The IPL was applied to the IAWOG after OCA 

application and images were acquired. One, six, and eleven days after each treatment in 

each group, both transillumination images and raw speckle images were acquired. 
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4.3 Results 

Figure 4.3 shows transillumination images of OMAG. Vascular disruption and blood 

clots were observed after a microneedle was applied to the sample (Fig. 4.3(b)). The skin 

appeared to be damaged. The blood clot somewhat decreased in size and the blood 

vessels visible in the initial state were not clearly seen 1 day after microneedle 

application to the sample (Fig. 4.3(c)). In Figure (d), the blood clot was observed and 

blood vessels were observed as in the initial state. 11 days after microneedle application 

to the sample, the skin and blood vessel appeared in the same manner as the initial state. 

 

 
Figure 4.3 Transillumination images of the only microneedling applied group (OMAG) at (a) 

initial state, (b) after microneedle application, (c) 1 day after microneedle application, (d) 6 days 
after microneedle application, (e) 11 days after microneedle application. 

 

Figure 4.4 represent LSCI of Figure 4.3. In Figure 4.4(b), the speckle index (SI) 

strongly decreased and the vessel could barely be seen compared to the initial state (Fig. 

4.4(a)). The SI strongly increased over the entire region 1 day after microneedle 
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application (Fig. 4.4(c)). The vasculature could not be distinguished. The SI decreased 

compared to Figure 4.4(c) and the vessel was visible but barely so. In 11 days after 

microneedle application, the SI recovered to the same degree as the initial state and the 

blood vessels were clearly distinguishable. 

 

 
Figure 4.4 LSCI of the only microneedling applied group (OMAG) at (a) initial state, (b) after 
microneedle application, (c) 1 day after microneedle application, (d) 6 days after microneedle 

application, (e) 11 days after microneedle application. 
 

Figure 4.5 shows transillumination images of OIAG: case 1. When IPL was applied to 

the sample, both sudden vasodilation/angiogenesis and a significant amount of erythema 

were observed, as shown in Figure 4.5(b). The erythema was disappeared, andscars were 

observed around large vessels. Some small vessels also could not be observed after 1 day 

of IPL application (Fig. 4.5(c)). In Figure 4.5(d), vasodilation, angiogenesis, and some 

small scars were observed. Blood vessels and skin recovered to the initial state level after 

11 days of IPL application (Fig. 4.5(d)). 
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Figure 4.5 Transillumination images of the only IPL applied group (OIAG): case 1 at (a) initial 

state, (b) after IPL application, (c) 1 day after IPL application, (d) 6 days after IPL application, (e) 
11 days after IPL was application. 

 

Figure 4.6 shows the LSCI of Figure 4.5. The SI increased over the entire region, 

including not only blood vessel regions but also surrounding regions where blood vessel 

were not distributed (Fig. 4.6(b)). 1 day after IPL application (Fig. 4.6(c)), the SI of the 

entire region decreased as compared to Figure 4.6(b). Small blood vessels were not 

distinguishable. The SI decreased in surrounding regions and increased around large 

vessels. Some small vessels showed very low SI compared to the initial state at 6 days 

after IPL application (Fig. 4.6(d)). In figure 4.6(e), the SI around the blood vessels was of 

the same degree as compared to the initial state and the surrounding region decreased to 

some extent. 
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Figure 4.6 LSCI of the only IPL applied group (OIAG): case 1 at (a) initial state, (b) after IPL 
application, (c) 1 day after IPL application, (d) 6 days after IPL application, (e) 11 days after IPL 

application. 
 

 

Figure 4.7 Transillumination images of the only IPL applied group (OIAG): case 2 at (a) initial 
state, (b) after IPL application, (c) 1 day after IPL application, (d) 6 days after IPL application, (e) 

11 days after IPL application. 
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Figure 4.7 shows transillumination images of another OIAG case. No significant 

changes were found when IPL was applied to the sample compared to Figure 4.7(a) and 

(b). In Figure 4.7(c), some small blood vessels were vasodilated, but changes were not 

noticeable. 6 days after IPL application, the vasoconstriction was observed in small 

vessels. Large vessels also exhibited vasodilation (Fig. 4.7(d)). The blood vessels 

reverted to their initial state with the exception of large vessels 11 days after IPL 

application (Fig. 4.7(e)). 

Figure 4.8 represents the LSCI of figure 4.7. When IPL was applied to the sample, the 

SI of surrounding regions increased. Most vessel regions maintained the SI (Fig. 4.8(b)). 

1 day after IPL application, the SI of the surrounding regions decreased and vessel 

regions increased (Fig. 4.8(c)). There were no significant changes found in Figure 4.8(d) 

and (e). The SI was of the same degree as compared to the initial state. 

 

 

Figure 4.8 LSCI of the only IPL applied group (OIAG): case 2 at (a) initial state, (b) after IPL 
application, (c) 1 day after IPL application, (d) 6 days after IPL application, (e) 11 days after IPL 

application. 
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  Figure 4.9 shows transillumination images of IAWOG. When the microneedle was 

applied to the sample, some small blood vessels ruptured and a blood clot was observed 

due to bleeding (Fig. 4.9(b)). In Figure 4.9(c), vasodilation was observed in some blood 

vessels compared to Figure 4.9(b). The ruptured blood vessels recovered in the same 

initial state except near some of the scars shown in Figure 4.9(d). 6 days after IPL 

application, vasodilation and angiogenesis were observed in entire blood vessels (Fig. 

4.9(e)). In Figure 4.9 (f), more vasodilation and angiogenesis was observed as compared 

to Figure 4.9(e). 

 

 

Figure 4.9 Transillumination images of IPL applied with OCA group (IAWOG) at (a) initial state, 
(b) after microneedle and OCA application, (c) IPL application, (d) 1 day after IPL application, (e) 

6 days after IPL application, (f) 11 days after IPL application. 

 

  Figure 4.10 is the LSCI of Figure 4.9. When the microneedle was applied to the sample, 

the SI increased over entire regions and the vasculature could barely be observed (Fig. 

4.10(b)). In Figure 4.10(c), the SI further increased over entire regions and the 

49 
 



 

vasculature was slightly distinguishable from that in Figure 4.10(b). 1 day after IPL 

application, the SI decreased over the whole region in the image and blood vessels 

gradually appeared (Fig. 4.10(d)). The SI of the blood vessels increased and more blood 

vessels were observed over time (Fig. 4.10(e) and (f)). 

 

 

Figure 4.10 LSCI of IPL applied with OCA group (IAWOG) at (a) initial state, (b) after 
microneedle and OCA application, (c) IPL application, (d) 1 day after IPL application, (e) 6 days 

after IPL application, (f) 11 days after IPL application. 

 

4.4 Discussion 

When OCA was applied to the sample, the microneedle was also used with OCA to 

reduce diffusion time. The microneedle may act as a physical stimulation for blood 

vessels. Thus, only a microneedle applied to the sample was observed in order to confirm 

that microneedle application does not influence morphological changes in blood vessels 

and flow alteration. Vessel rupture was observed in small vessels immediately after 

microneedle application. The ruptured vessel was recovered and no changes were found 
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in blood flow. In addition, no morphological alteration was observed over time, meaning 

that physical stimulation does not affect blood flow and morphological changes of blood 

vessels. The physical stimulation can induce temporal destruction in small vessels, but 

such stimulation is not sufficient for inducing vasodilation or angiogenesis or for 

improving blood flow. 

When only IPL was applied to the sample, the results were not predictable. The same 

method was applied to individuals in OIAG, but the results were somewhat different. 

Some cases showed sudden erythema and little vasodilation/angiogenesis right after the 

IPL was applied to the sample. However, other cases showed no significant changes after 

IPL was applied to the sample. This difference might be due to the difference in energy 

absorption between the biological tissues. Some tissues absorb more energybut other 

tissues are not. It is depending on the sample stage. This energy absorption difference can 

easily be found in the LSCI results. The SI increased in both cases, but the degree of 

increased SI was different. Moreover, the SI of surrounding regions increased rather than 

vessel regions, meaning that energy was absorbed mostly by tissue. This phenomenon 

may cause side effects when using IPL. However, blood vessels and flow rate recovered 

to the same degree as the initial state after 11 days of IPL application. 

In the IAWOG, vasodilation was observed around large vessels immediately after IPL 

application despite the rupture of small vessels by microneedle stimulation. This effect 

was verified in the LSCI result. The SI around large vessels increased noticeably in 

Figure 4.10(c) as compared to (b). Furthermore, the vasodilation, angiogenesis, and 

blood flow gradually increased and maintained these phenomena over the time. This 

indicates that the energy from IPL was mostly absorbed by vessels due to the optical 

clearing effect, which reduces optical scattering of surrounding tissue. In turn, this means 
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that more energy may arrive and absorb in the vessels with fewer or no disturbances. 

Another possible explanation could be the low dose of the present IPL application. In this 

study, a relatively low dose of energy was applied to blood vessels by a single 

application of IPL whereas a typical IPL application parameter is a high dose of energy, 

along with multiple applications to the disorder region.  

Previous IPL application was focused on the destruction of blood vessels by raising 

the temperature of blood vessels, leading to their coagulation. (Clementoni et al. 2006, 

226-232, Moreno‐Arias, Castelo‐Branco, and Ferrando 2002, 1013-1016) However, an 

IPL device could be used to treat blood circulatory diseases by inducing vasodilation and 

improvement of blood flow if IPL is used with proper parameters and OCA. Such 

vasodilation has been used to treat conditions such as hypertension, where the patient has 

an abnormally high blood pressure, as well as angina, congestive heart failure, and 

erectile dysfunction, and where maintaining a lower blood pressure reduces the patient's 

risk of developing other cardiac problems. (Weiss 2006, 303) Flushing may be a 

physiological response to vasodilators. A phosphodiesterase inhibitor works to increase 

blood flow in the penis through vasodilation. It may also be used to treat pulmonary 

arterial hypertension (PAH). (Runo, and Loyd 2003, 1533-1544) Another possible IPL 

application field is related to angiogenesis. Several papers report the side effects of IPL 

treatment for hair removal. (Vlachos, and Kontoes 2002, 303-307, Willey et al. 2007, 

297-301) One paper reported that unwanted hair growth arose after IPL treatment for hair 

removal close to the regions where IPL was applied. (Kontoes et al. 2006, 64-67, 

Moreno‐Arias, Castelo‐Branco, and Ferrando 2002, 1013-1016, Radmanesh 2009, 52-54) 

Hair growth is strongly related to the presence of blood vessels. The most representative 

treatment of alopecia is vasodilation and angiogenesis.  
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In this study, we observed the IPL effect on blood vessels and the OCA effect when 

used with IPL in blood vessels. IPL applied to blood vessels in conjunction with OCA 

induces vasodilation, angiogenesis, and the improvement of blood flow. Moreover, this 

phenomenon was maintained over time. We expected that IPL could be applied to other 

treatment areas related to vasodilation, angiogenesis, and improvement of blood flow if 

more research on IPL parameters and IPL application in conjunction with OCA is 

studied.  
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Chapter 5 

Arthritis Evaluation using Optical Imaging (Laser 

Speckle Imaging and Erythema Index Imaging) in Animal 

Models 

5.1 Introduction 

Arthritis is a representative chronic inflammatory disease characterized by the 

perpetual inflammation of the synovial membrane and extensive angiogenesis, leading to 

damage in the articular cartilage, bone erosion, and joint destruction. (Minet, Scheibe, 

and Zabarylo 2010, 130-137, Scott, Wolfe, and Huizinga 2010, 1094-108) Arthritis is a 

leading cause of disability and is associated with a substantial limitation in daily activity, 

work disability, low quality of life, and high health care costs. (Chamberland, Jiang, and 

Wang 2010, 496-509, Scott, Wolfe, and Huizinga 2010, 1094-108) Although arthritis is a 

serious and common condition with the potential for injury, no appropriate evaluation 

method has been established because of the absence of cost-effective and powerful joint 

imaging modalities. (Chamberland, Jiang, and Wang 2010, 496-509) 

Current imaging modalities for arthritis include conventional radiography (CR), 

ultrasound imaging (UI), and magnetic resonance imaging (MRI). (Evangelisto, 

Wakefield, and Emery 2004, 927-943, McQueen, and Østergaard 2007, 841-856, Tan, 

and Conaghan 2011, 569-584) CR is easily available, quick, inexpensive, and provides 

information on late stages of the disease process. However, CR cannot discern the early 

stage changes of arthritis. UI is also easily available and can detect joint exudation and 

synovial thickening during arthritis. However, quantitative analysis with UI is limited by 
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operator-dependent variability and can require a substantial amount of examination time 

when the arthritis affects multiple joints on multiple extremities. MRI provides high 

sensitivity and high resolution for soft tissue. However, this method is costly and requires 

long examination times, and is not routinely available in a typical clinic. Therefore, the 

development of a cost-effective novel imaging modality that is readily available in a 

routine clinic, and that can provide early detection of arthritis, would be beneficial. 

(Golovko et al. 2011, 67-75, Gompels et al. 2010, 1436-1446) 

Laser speckle contrast image (LSCI) provides simple and noninvasive two dimensional 

(2D) optical images for determining blood flow velocity in biological tissue. (Yuan et al. 

2005, 1823-1830) In the course of arthritis, angiogenesis is induced at the edge of the 

synovial lining (pannus), (Ferrell et al. 2001, 257-262, Murray, Herrick, and King 2004, 

1210-1218) providing the possibility that LSCI may be used in evaluating arthritis. The 

aim of the present study was to investigate the feasibility of LSCI in the evaluation of 

arthritis severity and early stage arthritis using an animal model of arthritis. In particular, 

after arthritis was induced in mice, LSCIs of mouse feet were obtained. The severity of 

arthritis was subsequently evaluated by 2 sets of arthritis scores measured by a trained 

expert and a speckle index (SI) computed from the LSCIs. The results of these 

evaluations were then compared to examine the efficacy of LSCI in determining arthritis 

severity in mice. Early stage arthritis was evaluated by LSCI and erythema index (EI) 

imaging after confirming that the LSCI have the potential for arthritis evaluation. The 

arthritis was evaluated from its initial state and up to 144 hours after arthritis induction. 

The results from two optical imaging experiments were then compared to histological 

results to confirm the correlation between the two results for evaluating early stage 

arthritis. 
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5.2 Materials & Methods 

5.2.1 Laser speckle imaging modality 

Figure 5.1 shows a schematic diagram of the laser speckle imaging modality. The 

system is modified based on a previous system, which was used in chapter 3 and 4. A 

diode laser (HL6512MG; 658 nm, 50 mW; Thorlabs, Newton, NJ, USA) is coupled to an 

optical fiber. A laser beam passes through a holographic diffuser for even illumination 

and is directed to a 1:1 beam splitter to eliminate shadow in the sample. The mouse foot 

was imaged with a CCD camera (XC-HR57; Sony, Tokyo, Japan). The imaging areas 

were approximately 6 × 8 mm2, acquired at 30 Hz with a frame-grabber (DOMINO 

IOTA; Euresys, Angleur, Belgium). 

 

Figure 5.1 Schematic diagram of the laser speckle imaging modality. 
 

5.2.2 Polarization imaging modality 

Figure 5.2 shows polarization imaging modality: MAGVisionTM (OptoBioMed Co.,Ltd., 

Korea). The light source consisted of 16 white LEDs for uniform light illumination. The 

MAGVision was equipped with two linear polarization filters (NT45-204, Edmund, 

USA). One polarizer (the first linear polarizer) was placed in front of the LEDs in order 

to linearly polarize illumination. The second linear polarizer was placed in front of the 
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DSLR camera as a rotational filter wheel in order to provide continuous angles of linear 

polarization from 0° to 90°. In this study, cross polarization images of mouse feet were 

acquired. 

 

Figure 5.2 Polarization imaging modality. 
 

5.2.3 Erythema index image 

Erythema index images were calculated from acquired cross polarization images. The 

green and red channels were extracted from cross polarization images and each channel 

was normalized to calculate normalized green (G) and normalized red (R). The erythema 

index image was calculated according to the following equation: (Jung et al. 2005, 186-

191) 

10 10
1 1100 [log ( ) 1.44 log ( )]EI G R= × − × .                (5.1) 

 

5.2.4 Arthritis severity evaluation 

For arthritis severity evaluation experiments, five IL-1 receptor antagonist knock-out 

(IL-1RA KO) mice with a BALB/c background, which was a representative animal 
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model of chronic arthritis, were used for the arthritis mouse group (AMG). Elimination 

of IL-1 RA causes a T-cell model of arthritis, and IL-1 RA deficiency in a Balb/c 

background results in arthritis at 8 to 12 weeks of age. (Horai et al. 2000, 313-320, Van 

den Berg 2009, 250) In this study, 12 week old mice were used for the AMG. Meanwhile, 

5 normal BALB/c mice were used for the control mouse group (CMG). In both groups, 

each sole of the posterior legs (n = 10 soles for each group) was inspected visually by a 

trained expert. For the AMG, the soles were further divided into 2 groups: a mild AMG 

and a severe AMG. For LSCI, the mice were anesthetized with a mixture of 

tiletamine/zolazepam (2.5 mg/kg; Zoletil 50, Virbac, France) and saline in a 1:10 ratio by 

peritoneal injection. 

 

5.2.5 Early stage arthritis evaluation 

Eighteen C57BL/6 mice (6 weeks old) were used for early stage arthritis evaluation. 

Six mice were used for each group (n = 6 soles for each group): arthritis induced mouse 

group (AIMG), positive CMG (PCMG), and negative CMG (NCMG). Complete Freund's 

adjuvant (CFA; Cat No 7009, Chondrex Inc.), mineral oil and saline of 200 μg/μl was 

injected into the footpad of the right hind leg for each AIMG, PCMG, and NCMG, 

respectively. LSCIs and cross polarization images were acquired at 0, 6, 12, 18, 24, 30, 

36, 42, 48, 54, 60, 66, 72, 84, 96, 108, 120, 132 and 144 hours after CFA, mineral oil, 

and saline injection, respectively. The mice were anesthetized with a mixture of O2 (0.3 

ml/min), N2O (0.7 ml/min), and isoflurane (1.5-2 MAC) during the image acquisition 

procedure. 
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5.3 Results 

5.3.1 Arthritis severity evaluation 

Color images show that the AMG (Fig. 5.3(b) and (c)) presented a more severe edema 

and erythema than the CMG (Fig. 5.3(a)). Although the severe AMG (Fig. 5.3(c)) 

showed greater edema than the mild AMG (Fig. 5.3(b)), the erythema did not 

substantially differ in severity between the 2 groups. Meanwhile, Figure 5.3 also shows 

individual differences in the edema and erythema within the same group. In CMG, no 

significant differences were found between individual mice. However, in the mild AMG 

and severe AMG, significant individual differences in the severity of the edema and 

erythema were found near the large blood vessel in the middle of the foot. 

 
Figure 5.3 Color images of the mouse feet for visual inspection: (a) control mouse group (CMG), 

(b) mild arthritis mouse group (AMG), and (c) severe AMG. 
 

Figure 5.4 shows LSCIs of the mouse feet in Fig. 5.3. The AMG (Fig. 5.4(b) and (c)) 

showed a higher blood perfusion than the CMG (Fig. 5.4(a)), as indicated by the higher 

SI. In addition, the severe AMG (Fig. 5.4(c)) showed a higher blood perfusion than the 

mild AMG (Fig. 5.4(b)). The LSCI also revealed region-dependent distribution of the 

blood perfusion in the mouse feet. In the CMG and mild AMG, the SI was somewhat 
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higher in the toe regions than in the other areas of the foot. In severe AMG, the SI was 

high in the entire foot, especially around larger blood vessels. In addition, the SI showed 

individual variation within groups. The middle image in Fig. 5.4(a) showed a somewhat 

higher SI than other images in the same CMG group. The left image in Fig. 5.4(b) and 

middle image in Fig. 5.4(c) showed lower SIs than other images in the same group. 

 
Figure 5.4 Laser speckle contrast images of (a) control mouse group (CMG), (b) mild arthritis 

mouse group (AMG), and (c) severe AMG. 
 

In Fig. 5.5(a), the SI was 31.6, 92.1, and 153.4 in the CMG, mild AMG, and severe 

AMG, respectively, showing that the SI was much higher in the AMG than in the CMG. 

In particular, the severe AMG had a ~1.6-fold higher SI than the mild AMG. Figure 

5.5(b) shows the arthritis severity scores determined by a trained expert. The CMG had a 

score of 0, while the severe AMG had a score 2-fold higher than the mild AMG. From 

Fig. 5.5(a) and (b), the SI computed from LSCI can be inferred to be highly correlated 

with the arthritis severity score. 
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Figure 5.5 (a) Speckle index (SI) and (b) arthritis score of control mouse group (CMG), mild 

arthritis mouse group (AMG), and severe AMG. The SI and arthritis score were calculated for each 
foot region and averaged for each group. 

 

5.3.2 Early stage arthritis evaluation 

 Figure 5.6 shows cross polarization images, erythema index images, and LSCIs of 

NCMG. The cross polarization images (Fig. 5.6(a)) show no significant changes in 

erythema and edema over time. Figure 5.6(b) shows erythema index images of figure 

5.6(a) and also shows no changes similar to the cross polarization images over time. 

LSCIs (Fig. 5.6 (c)) show slightly different SI among images but the change is not 

noticeable. 

 
(a) 
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(b) 

 
(c) 

 
Figure 5.6 (a) cross polarization images, (b) erythema index images and (c) laser speckle contrast 

images of negative control mouse group (NCMG). The images were acquired at 0, 6, 12, 18, 24, 30, 
36, 42, 48, 54, 60, 66, 72, 84, 96, 108, 120, 132, and 144 hrs after saline injection. Image sequence 

begins from top left to right direction. 
 

Figure 5.7 shows cross polarization images, erythema index images, and LSCIs of 

PCMG. In cross polarization images (Fig. 5.7(a)), the increased erythema and edema 

were observed 6 hrs after mineral oil injection. These changes did not proceed over time. 

The edema was maintained and the erythema somewhat decreased over time. Erythema 

index images are shown in figure 5.7(b). The erythema index rapidly increased 6 hrs after 

mineral oil injection. The increased state gradually decreased little by little over time. 
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The LSCIa of PCMG was represented in Figure 5.7(c). The SI rapidly increased 6 hrs 

after mineral oil injection and these changes were continuously observed until 54 hrs 

after the injection. The SI greatly decreased 60 hrs after injection in the initial state and 

the SI continued to decrease over time. 

 
(a) 

 
(b) 
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(c) 

Figure 5.7 (a) white light images, (b) erythema index images and (c) laser speckle contrast images 
of positive control mouse group (PCMG). The images were acquired 0, 6, 12, 18, 24, 30, 36, 42, 
48, 54, 60, 66, 72, 84, 96, 108, 120, 132, and 144 hrs after mineral oil injection. Image sequence 

begins from top left to right direction. 
 

Figure 5.8 shows cross polarization images, erythema index images, and LSCIs of 

AIMG. The changes of erythema and edema were observed 6 hrs after CFA injection and 

these changes continuously intensified over time. The cross polarization images (Fig. 

5.8(a)) show that erythema gradually increased over time. The blood vessel in the middle 

of the sole shows a higher erythema, edema, and vasodilation over time. The skin became 

dry and flaking over time. The erythema index (Fig. 5.8(c)) rapidly increased after CFA 

injection and the index maintained a high value. This tendency seems somewhat random 

but still represents a high erythema index. In LSCI (Fig. 5.8(c)), the SI greatly increased 

6 hrs after adjuvant injection and the SI somewhat decreased, but a high SI continued to 

be maintained over time. The vascular regions show a higher SI than other regions. 
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(a) 

 
(b) 

 
(c) 

 
Figure 5.8 (a) white light images, (b) erythema index images, and (c) laser speckle contrast images 
of the arthritis induce mouse group (AIMG). The images were acquired at 0, 6, 12, 18, 24, 30, 36, 
42, 48, 54, 60, 66, 72, 84, 96, 108, 120, 132, and 144 hrs after adjuvant injection. Image sequence 

begins from the top left to right direction. 
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Figure 5.9 represents feet area variations of each group. There was almost no change in 

NCMG over time. The feet area of PCMG rapidly increased at 6 hrs after mineral oil 

injection and slightly increased until 24 hrs after the injection. The feet area then began 

to decrease from 24 hrs to 66 hrs after the injection and the variation state was 

maintained. In AIMG, mouse feet area increased rapidly 6 hrs after the CFA injection 

and this state was maintained for up to 60 hrs. The area started to increase continuously 

for times beyond 60 hrs after the injection. 

 
Figure 5.9 Feet area variations for each mouse group over time. 

 

  Erythema index variations are shown in figure 5.10. There were no significant 

variations in NCMG over time. The variations of PCMG increased 6 hrs after the 

injection. A decreasing variation in PCMG was observed but it is possible that this 

change is random. In the AIMG, variations rapidly increased 6 hrs after the injection and 
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gradually decreased over time. However, the tendency of these changes seemed to be 

random.  

 
Figure 5.10 Erythema index variations of each mouse group over time. 

   

The SI variations are shown in Figure 5.11. In the NCMG, almost no variations were 

observed over time. The SI of PCMG dramatically increased 6 hrs after mineral oil 

injection and maintained this state 24 hrs after the injection. The SI decreased after 24 

hrs and the variation decreased to under 10% 144 hrs after the injection. In AIMG, the SI 

also dramatically increased 6 hrs after the CFA injection and this state was maintained 

over time. The SI of AIMG somewhat decreased 54 hrs after the injection. 
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Figure 5.11 Speckle index variations of each mouse groups over time. 

 

Figure 5.12 shows histological results for each group. The histological results indicate 

the degree of inflammation that could be observed with a purple color (stained 

hematoxylin cell). In NCMG, few stained cells were observed in the heel, sole, and toe 

regions. 1 day after mineral oil and CFA injection, some stained cells begun to be 

observed in both PCMG and AIMG. The stained cells were mostly observed in close to 

skin regions, especially at the heel and sole in AIMG. The difference between AIMG and 

PCMG occurred 3 days after the injection. The layer of stained cells, which are 

represented by a purple color, thickened 3 days after the CFA injection, whereas no 

noticeable variations were observed in the PCMG group. These differences increased 7 

days after the injection. The stained cell layer dramatically increased in heel and toe 

regions in the AIMG group. On the other hand, little change was observed in PCMG 

compared with the 3 day results. 
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Figure 5.12 Mice feet histology of each group at 1, 3, and 7 days after each solution injection. 
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5.4 Discussion 

Evaluating arthritis severity by visual inspection is difficult because it can be easily 

affected by surrounding circumstances, such as environment lighting, the background 

color of the sample, and inter- and intra-observer variability. Visual inspection may be 

suitable for qualitative and on-the-spot analysis but is unsuitable for quantitative and 

continuous analysis. For improving the evaluation efficacy of arthritis, this study 

quantitatively analyzed LSCIs of arthritis mice. 

Arthritis causes angiogenesis, which can be evaluated by analyzing blood flow. Hence, 

in this study, the quantitative evaluation of arthritis was attempted through observations 

of the arthritis-induced mouse foot with LSCI, one of the most effective methods for 

evaluating blood perfusion. The LSCI showed higher SI (i.e., higher blood perfusion) in 

the more severely arthritic feet, and thus more clearly revealed differences in the arthritis 

severity when compared to the color images. In AMG, severe arthritis regions with high 

SI could be discriminated from the normal regions with low SI. In particular, severe 

arthritis regions were observed around large blood vessels in the sole and the joint region 

of the toes. In the present study, the SI increased for CMG, mild AMG, and severe AMG 

as the arthritis score increased. For the CMG, the SI had non-zero values, while the 

arthritis scores were 0. An explanation for the non-zero values could be that biological 

tissues have scattering characteristics: normal biological tissue will show SI values in 

LSCI even in the absence of no particular stimulation or change. Despite this discrepancy, 

the SI was highly correlated with the arthritis score, indicating the efficacy of LSCI in the 

evaluation of arthritis mice.  

The feasibility of arthritis evaluation using LSCI was confirmed by arthritis severity 

evaluation experiments. The ultimate goal of this study is the evaluation of early stage 
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arthritis by continuous monitoring in an animal arthritis model. The PCMG and AIMG 

are easily distinguishable from NCMG using cross polarization images. The erythema 

and edema was largely increased within the very first measurements (6 hrs after the 

injection) in PCMG and AIMG. When both mineral oil and CFA were injected into the 

mouse footpad, an anti-inflammatory response was provoked because both materials are 

exogenous. This reaction results in the sudden rapid increase of erythema and edema in 

the mouse footpad. The SI shows a similar behavior in PCMG and AIMG because of 

increased erythema until about 24 hrs after the injection. However, EI showed a slightly 

different tendency up to 24 hrs after injection. The CFA was originally used for 

inflammation of biological tissue but mineral oil is no longer used for inducing 

inflammation. This change might make a difference in EI values between these two 

groups. Therefore, EI could be a helpful and good indicator for differentiating early stage 

arthritis between PCMG and AIMG when used with LSCI together. The measurement of 

feet variations also can be helpful for evaluating early sate arthritis as the feet variations 

show a clearly different tendency among each group from the first measurement and 

maintained a constant value over time. 

The stained hematoxylin cell shown in the purple color indicates the degree of 

inflammation. The inflammation accompanies angiogenesis. The inflammation continued 

largely in the heel and toe regions over time. The SI variation was observed over entire 

sole regions. In particular, the heel and toe regions showed remarkable changes. The 

difference, which was not noticeable between PCMG and AIMG, gradually increased 

over time. The histological results were consistent with optical imaging results. 

Angiogenesis and morphological changes in the arthritis mice were likely related to 

the pathology of the inflammatory arthritis. Joint damage in arthritis, which results in 
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morphologically permanent alterations, begins with the proliferation of synovial 

macrophages and fibroblasts after a triggering incident, possibly an autoimmune response 

or an infectious disease. Lymphocytes infiltrate the perivascular regions, endothelial cells 

proliferate, and then angiogenesis occurs. (Rindfleisch, and Muller 2005, 1037-1047) In 

the present study, new blood vessels formed around the synovium in the toe joint and 

near the large blood vessels in the sole. These new blood vessels affected blood perfusion 

in the tissue. Thus, the results of the present study suggest that LSCI can evaluate 

arthritis severity through measuring blood perfusion and can be used to differentiate 

arthritis regions.  

A previous study reported that new blood vessels were found in early rheumatoid 

arthritis (RA) even with a small inflammatory change in biopsy. (Koch 2000, i65-i71) 

The present study also showed that differences between CMG and mild AMG can be 

discriminated by comparing the SI computed from LSCI. Such a comparison is different 

from visual inspection of color images, which results in difficulties in distinguishing the 

difference between mild AMG and CMG. Therefore, LSCI can be used for early 

detection of arthritis in mice. As the trend in the treatment of inflammatory arthritis has 

moved toward early detection and aggressive therapy to delay or prevent the 

development of joint damage, LSCI may be used for the early detection of arthritis and 

for developing a proper treatment plan in a clinical setting. (Chamberland, Jiang, and 

Wang 2010, 496-509) 

Most previous studies related to arthritis using animal models used histology to assess 

arthritis. (Knoerzer et al. 1997, 13-19, Minet, Scheibe, and Zabarylo 2010, 130-137, 

Yuan et al. 2005, 1823-1830) Although histological results give accurate 

pathophysiological information, it is not suitable for continuous monitoring of prognosis 
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due to the sacrifice of the animal. Histology is time consuming and complex. In addition, 

histological results can only be analyzed by a pathologist or a trained expert. LSCI, 

which is used in this study for assessing arthritis, enables non-invasive diagnosis, is easy 

to use, and an allows the continuous monitoring of a prognosis. Moreover, it is possible 

for a non-expert to easily assess arthritis, since LSCI provides quantitative results. 

In this study, LSCI was utilized to evaluate the severity of arthritis in mice. LSCI and 

erythema index imaging were utilized to evaluate early stage arthritis. The quantitative 

analysis of the LSCIs resulted in a high correlation with visual inspections and LSCI 

assisted erythema index imaging to evaluate early stage arthritis properly. This technique 

enables continuous monitoring of arthritis over time without any sacrifice of the animal. 

Thus, LSCI may provide the possibility of evaluating the severity of arthritis and early 

stage arthritis in an animal model. 
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Chapter 6 

Development of Multimodal Optical Imaging System 

6.1 Introduction 

In general, optical imaging techniques offer a number of important advantages for 

objective and quantitative diagnosis. Optical imaging can provide real time and high 

resolution microscopic and macroscopic information toward rapid and accurate diagnosis. 

Numerous studies have demonstrated that optical imaging techniques enable the 

visualization of several biological processes including endothelial activation, cell death, 

enzyme activity, gene expression, and cell migration in a multitude of diseases including 

cancer and inflammatory diseases. (Byron, Ernst, and Waggoner 2005, 795-805, Gross, 

and Piwnica-Worms 2005, 5-15, Wunder, and Klohs 2008, 182-190, Wunder et al. 2005, 

1341-1349) However, these modalities based on optical techniques require a relatively 

advanced infrastructure and provide only a single piece of biological information for a 

given sample. Several optical imaging modalities have been utilized for different 

biological metrics from a single sample in previous chapters. Image acquisition from 

various optical modalities have certain restrictions, including long time requirements, 

costly procedures, instruments limited only to a specific application, centralized facilities 

requiring a relatively advanced infrastructure, and can only be handled by trained experts. 

Nonetheless, such optical imaging techniques have many advantages. New 

methodologies that are easy to use, more concise, provide a more quantitative evaluation, 

and the ability to collect additional information needed to support a diagnosis are 

increasingly in demand by physicians, biologists, physicists, and engineers. (Lawler et al. 

2003, L269-L280, Luker, and Luker 2008, 1-4, Zhu et al. 2013, 51-67) 
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Over the past decade, technical advances in both hardware and software have allowed 

the development of a multimodal imaging modality capable of observations of in vitro to 

in vivo models. Such work has provided various types of biological information and has 

become a valuable tool for academic and pharmaceutical research. (Hickson 2009, 295-

297, Licha, and Olbrich 2005, 1087-1108, Lyons 2005, 194-205, Ntziachristos et al. 2004, 

12294-12299) Recent advances in a wide range of optical technologies such as 

optoelectronics, optical fibers, micro-optics, and optical micro-electro-mechanical 

systems (MEMS) have further enabled the miniaturization of optical imaging platforms 

and a reduction in cost. Further, development of optical imaging methods, including 

integrated multimodal imaging, has allowed for functional (molecular) and structural 

(anatomical) information to be obtained on the same object from a single instrument. 

(Brindle 2008, 94-107) 

In this study, a multimodal optical imaging system (MOIS) was developed that using 

real time laser speckle imaging, color imaging including polarization imaging, erythema 

index imaging, melanin index imaging, and fluorescence imaging for providing various 

biological information on the object. The MOIS consisted of hardware and software 

components. Hardware was developed on a movable rack and an articulated arm for a 

flexible imaging acquisition environment. The software component provides fast and 

accurate image acquisition and process algorithms. Furthermore, various optical images 

of human skin were obtained for to assess the performance of the MOIS. 

 

6.2 Materials & Methods 

6.2.1 Optical Subsystem for Light Illumination 
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Figure 6.1 shows the optical subsystem of the MOIS. The optical components ares 

constructed in a black box to provide a darkroom environment. Two laser diodes with 

660 nm (HL6545MG; 120mW; Thorlabs, Newton, NJ, USA) and 785 nm (DL7140-

201S: 70 mW; Thorlabs, Newton, NJ, USA) wavelengths were coupled into each branch 

of a 2 by 1 optical fiber (QBIF600-VIS-NIR; 600 μm; Ocean Optics, Dunedin, FL, USA) 

for laser speckle imaging and fluorescence imaging. The 660 nm laser diode is only used 

for laser speckle imaging and the 785 nm laser diode can be used in both laser speckle 

imaging and fluorescence imaging. A lamp bulb (14501 150W GX5.3 20V; 3150K; 

400Lm; Philips, Eindhoven, Netherlands) with a warm white color passes through an 

optical filter wheel (FW102B; Thorlabs, Newton, NJ, USA). Light is then directed into 

an optical fiber bundle (EE845; 2.24 mm; Dolan-Jenner, Boxborough, MA, USA). The 

optical filter wheel contains five optical filters with center wavelength of 450±40 nm, 

500±40 nm, 550±40 nm, 600±40 nm, and 650±40 nm (FB450-40, FB500-40, FB550-

40, FB600-40, FB650-40, respectively; Thorlabs, Newton, NJ, USA) and one empty hole 

for wavelength selection of the light source using automatic rotation. Color imaging 

including polarization imaging, erythema index imaging, melanin index imaging, and 

fluorescence imaging can be obtained according to the optical filter setting. 

 

Figure 6.1 Optical subsystem for light illumination. 
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6.2.2 Imaging Subsystem for Image Acquisition 

In the imaging subsystem (Fig. 6.2), all components are made up of an articulated arm 

for flexible image acquisition under all conditions. Optical components were constructed 

in a black box. The holographic diffuser (F54-506; 80°; Edmund optics, Barrington, NJ, 

USA) was placed in front of a 2 by 1 optical fiber for even illumination of laser light. 

This feature enables image acquisition of relative large areas. The 2 branches of an 

optical fiber bundle were placed on each side of a holographic diffuser. The lights from 

the holographic diffuser and the optical fiber bundle passed a mirror (F64-410; 4-6λ ; 

Edmund optics, Barrington, NJ, USA) and changed direction through a mirror. The lights 

from the mirror were directed into a beam splitter (F62-882; 50R:50T; Edmund optics, 

Barrington, NJ, USA) for eliminating errors originating from the light source including 

shading, low glare, and object illumination. A zoom lens (Zoom 7000; 18-180 mm; f2.5-

28C; Narvitar, Rochester, NY, USA) is used for acquiring images with various fields of 

view. A color CCD camera (Manta - G125C; 1.2Mega pixels; 30 fps; Allied Vision 

Technologies, Stadtroda, Germany) is used for acquiring various types of images. The 

zoom lens and the CCD camera are both placed above the beam splitter. Figure 6.3 

shows the quantum efficiency of the CCD sensor. Two linear polarizers (F45-204; 

Edmund optics, Barrington, NJ, USA) are used for polarization imaging. One polarizer is 

placed between a beam splitter and a mirror. The other polarizer is placed in front of the 

zoom lens. 
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Figure 6.2 Imaging subsystem for image acquisition. 

 

 

Figure 6.3 Quantum efficiency of CCD camera. 

 

6.2.3 Control Program for the MOIS 

Figure 6.4 is a flow diagram of the MOIS control program. The control program is 

written in the MATLAB language and consists of image acquisition and analysis 

subsystem. 

82 
 



 

 

Figure 6.4 Flow diagram of multimodal optical imaging system control program. 

 

The image acquisition subsystem controlled camera parameters for acquiring images 

such as image format, triggering, frame rate, number of images, exposure time, gain, 

white balance, and other parameters related camera operation. For snapshot laser speckle 

imaging, the image format was set to Mono8, the number of images was set to 30, and 

the exposure time was set to 4 ms. For real time laser speckle imaging, the image format 

was set to Mono8, the number of images was set to infinity, exposure time was set to 4 

ms, and the trigger was set using the timer function in MATLAB, which relies on the 

availability of CPU cycles to launch a function at a regular interval. This procedure 

ensures that image analysis is performed in less time than the data acquisition period. 

The parameters for color imaging acquisition were set to RGB24, 1 image acquisition, 

and 15 ms exposure time. 

 The acquired images and video data for real time laser speckle imaging were analyzed 

by the image processing algorithms in the image analysis subsystem. For laser speckle 

imaging analysis, a mean and standard deviation filter were created for calculating 

speckle contrast. The filter dimensions are 5 × 5. The speckle contrast was calculated by 

the following equation: (Son, Lee, and Jung 2013, 86-90) 
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σ

=
< >

,                              (6.1) 

where K is the speckle contrast, σ is the standard deviation, and <I> is the mean value of 

25 pixels. In snapshot laser speckle imaging analysis, the averaged speckle contrast was 

calculated with 30 images, whereas speckle contrast was calculated for each frame in real 

time speckle imaging analysis. The snapshot and real time laser speckle image analysis 

algorithms yield a pseudo color image. These imaging analysis algorithms require only 

6.5 seconds. Less than 0.9 seconds are required to display the first results. 

The acquired color images can be calculated for erythema and melanin images. The 

green and red channels were extracted from the color image. Each channel was 

normalized to calculate normalized green (G) and normalized red (R) values. The 

erythema index image was calculated according to following equation: (Jung et al. 2005, 

186-191) 

10 10
1 1100 [log ( ) 1.44 log ( )]EI G R= × − × ,                 (6.2) 

The melanin index image was calculated according to the following equation: (Le, 

Shahidullah, and Frieden 1999, 127-132) 

10
1100 log ( )MI R= × ,                           (6.3) 

Erythema and melanin index imaging analysis algorithms require 0.7 seconds to 

display the results. 

 

6.2.4 Light Distribution Evaluation of the MOIS 

The light distribution of the developed MOIS was evaluated to confirm the even 

illumination of the object by the light source. A laser, consisting of white light and 5 
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colored lights chopped from the white light, was illuminated on a white reflectance target. 

Each image was then obtained. The light beam profile and the CV was calculated from 

the acquired images. The light beam profile was calculated by averaging each value 

along with the rows. The light distribution was evaluated by a coefficient of variance 

(CV) calculation: (Jung et al. 2005, 024002) 

CV σ
µ

= ,                                 (6.4) 

where μ and σ are the mean intensity and standard deviation of the image, respectively. 

 
6.2.5 Various Optical Images Recorded by the MOIS 

Parallel and cross polarization images were obtained on a palm with a wrinkle from a 

29 year old Asian male. The color image, laser speckle contrast image, erythema index 

image, and melanin index image were obtained at a cheek with an acne scar and 

pigmentation from a 25 year old Asian male. The white light image and 5 

autofluorescence images were obtained at a nose with sebum from a 25 year old Asian 

male 

 

6.3 Results 

6.3.1 Multimodal Optical Imaging system 

Figure 6.5 shows the final MOIS. The entire system is mounted on a movable rack. It 

is possible to obtain biological information for every condition and situation. The system 

is composed of five subsystems, including optical, imaging, analysis, control, and display 

subsystems. The optical subsystem contains the optical components for light illumination. 

The imaging subsystem contains a lens and camera for various types of image acquisition 
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and some optical components for light illumination. The analysis subsystem consisted of 

an Intel Core i5-2500K running at 3.3GHz, 8GB DDR RAM, and Windows 7 ultimate 64 

bit with service pack 1 for fast processing of analysis algorithms. The analysis subsystem 

is connected to the CCD camera to control image acquisition and storage. The analysis 

subsystem also has control program that contain algorithms for image acquisition and 

analysis. The control subsystem contains control devices for a laser diode, a white light 

source, and an optical filter wheel. The display subsystem is connected to the analysis 

subsystem to display the results of the image acquisition and analysis programs. 

 

Figure 6.5 Final Multimodal Optical imaging System. 

 

6.3.2 Light Distribution Evaluation of the MOIS 

 Figure 6.6 shows reflectance images of illuminated by various light sources. Each image 

shows a particular color depending on the center wavelength of each light source. The 

light distribution in each image seems uniform through visual inspection. The light beam 

profile for the various light sources is represented in Figure 6.7. The light beam profile 
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distribution along the row of images is generally even. The intensity difference between 

light sources was observed, but depends on the exposure time and does not influence 

light distribution. Table 6.1 represents the CV of various light sources. Most light 

sources showed less than 5% of the CV except the laser source.  

 

Figure 6.6 Reflectance images of each light source from (a) laser source, (b) white light source, 
and white light source passed through optical filters with a center wavelength of (c) 450 nm (d) 500 

nm (e) 550 nm (f) 600 nm, and (g) 650 nm. 

 

 

Figure 6.7 Beam projections of each light source. 
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Table 6.1 Coefficient of variance for each light source 

 

Laser 

light 

White 

light 

Center 

wavelength 

at 450 nm 

Center 

wavelength 

at 500 nm 

Center 

wavelength 

at 550 nm 

Center 

wavelength 

at 600 nm 

Center 

wavelength 

at 650 nm 

CV 

(%) 
7.11 3.45 5.66 3.81 3.74 3.69 4.19 

 

6.3.3 Various optical images obtained by the MOIS 

Figure 6.8 shows parallel and cross polarization images of a palm. A parallel 

polarization image provides surface skin texture information. In Figure 6.8(a), the skin 

wrinkle is clearly observed. A cross polarization image (Fig. 6.8(b)) shows a somewhat 

different color (pigment) compared to a parallel polarization image by elimination of 

surface reflection. This image provides pigment information of biological tissue. 

 
Figure 6.8 Polarization images of a palm. (a) parallel polarization image, (b) cross polarization 

image. 

 

Figure 6.9 shows various kinds of optical images of a cheek. In the color image (Fig. 

6.9(a)), pigmentation is observed in the left bottom of the images and an acne scar is also 

observed in some regions. Laser speckle images present a somewhat increased index in 

entire images, in particular around acne scar regions. The EI (Fig. 6.9(c)) shows a 

88 
 



 

relatively high index in the acne scar regions and the MI (Fig. 6.9(c)) shows a relatively 

high index in the pigmentation region. 

 
Figure 6.9 Multimode images of a cheek. (a) color image, (b) laser speckle image, (c) erythema 

image, and (d) melanin image. 

 

  Figure 6.10 shows white light and autofluorescence images of a nose. Some glare was 

observed at the bridge of the nose in all images and the brightness varied between the 

images. In Figure 6.10(a), some blackheads and several fluorescent spots were observed. 

In the autofluorecence images (Figure 6.10(b), (c), (d), (e) and (f)), several fluorescent 

spots were observed, located over different regions. 
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Figure 6.10 (a) White light image and autofluorescence images of a nose at a center wavelength 
of: (b) 450 nm, (c) 500 nm, (d) 550 nm, (e) 600 nm, and (f) 650 nm. 

 

Table 6.2 Excitation and emission wavelength of endogenous fluorophores 
Fluorophores Excitation (nm) Emission (nm) 

Tryptophan 220,280,288 320-350 
Cysteine 200,349 300,707 
Tyrosine 220,275 305 

Collagen (I,III,V) 300-340 420-460 
Elastin 300-340 420-460 
NADH 260,340 470 

NADHP 260,340 470 
Flavin 260,370,450 530 

Zn-coproporphyrin 411,539,575 580 
Zn-protoporphyrin 421,548,585 593,646 

Uroporphyrin 404,501,533,568,622 624 
Coproporphyrin 398,497,531,565,620 623,690 
Protoporphyrin 406,505,540,575,630 633,700 
Chlorophyll a 425,370 685 
Chlorophyll b 455,642 660 

Cortisol 475 525 
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Table 6.2 indicates excitation and emission wavelength of endogenous fluorophores in 

the human body. The excitation wavelength is between UV and visible wavelength. 

 

6.4 Discussion 

Each imaging modality is characterized by a different resolution on the spatial and 

temporal scales, and by a different sensitivity for measuring properties related to 

morphology or function. Combination of imaging modalities that integrate the strengths 

of two or more modality and also eliminate one or more weaknesses of an individual 

modality offers the prospect of improved diagnostics, therapeutic monitoring, and 

preclinical research that use imaging approaches. The ultimate goal of multimodality 

imaging system development is to provide unique or enhanced information that impacts 

clinical diagnostics or scientific research.  

In this study, an MOIS was developed that provides various functional images, 

including laser speckle imaging, color imaging, polarization imaging, erythema index 

imaging, melanin index imaging, and fluorescence imaging of biological tissue from one 

integrated imaging system. The MOIS is very concise, portable, and provides flexible 

image acquisition from the articulated arm. The system can obtain real time laser speckle 

imaging, enabling the prognosis of and changes to various biosignals over time.  

The optical imaging techniques implemented in the MOIS provide different types of 

biological information. Laser speckle imaging provides information about blood flow and 

vasculature, which is important in the diagnosis of diseases. Color images including 

polarization, erythema index, and melanin index images are particularly suitable for 

dermatology. Polarization images can provide texture information of skin, photoaging, 

and wound-healing assessment. The erythema and melanin index images can aid in the 
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evaluation of skin lesions such as port wine stain, hyper pigmentation, rosacea, 

melanoma, basal cell carcinoma, and actinic keratosis. Fluorescence images can be used 

in the diagnosis of acne, solar lentigo, sun damage, cancer detection, the assessment of 

blood vessels, and the visualization of lymph vessels in conjunction with exogenous 

agents (fluorescence dye).  

The performance of the MOIS is evaluated by acquiring various optical images from 

human subjects. The polarization images provide information about skin texture, which 

were observed in the parallel polarization image. Erythema and melanin information was 

determined from cross polarization images. Moreover, skin texture, such as wrinkle 

length and width, can be quantitatively analyzed using certain algorithms, but were not 

presented in this study. Our previous study has described this algorithm in detail. (Bae, 

Nelson, and Jung 2008, 064007-064007-8, Bae et al. 2011, 4-10) The erythema and 

melanin index images show pigment information of the skin such as acne scars and 

pigmentation. The LSCI also provides biological information on the skin. The speckle 

index of the near acne scar area is relatively higher than other areas but has some 

differences with erythema index images. The fact that these two types of images are 

different implies that the two images are sensitive to different information on biological 

tissue. The LSCI provides skin perfusion information in this case, which means that 

LSCI captures information inside the tissue. On the other hand, erythema index imaging 

represents only the superficial redness of the skin. These two images offer 

complementary information about scar tissue. 

Fluorescence images are also acquired by illumination at different center wavelengths. 

(Fig. 6.10) In these images, some bright spots were observed. These bright spots seem to 

exhibit autofluorescence from endogenous fluorophore. The most commonly observed 
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autofluorescencing molecules in biological tissue are NADPH and flavins. The 

extracellular matrix can also contribute to autofluorescence due to the intrinsic properties 

of collagen and elastin. The endogenous fluorophores are listed in Table 6.2. (Koenig et 

al. 1994, 17-40, Shakibaie et al 2011, 38-44) The bright spots are located in different 

regions in each image, which means that there may be some fluorophores with different 

absorption wavelength. However, more studies will be needed to understand how the 

bright spot is from fluorophores. Other types of fluorescence images are possible using 

exogenous fluorescence dye. 

In this study, the MOIS is developed and the performance is assessed. The system 

provides objective, quantitative, real time, multifunctional imaging, flexibility in 

evaluation, and is simple and easy to use. This system is useful for both laboratory 

experiments and in a clinical setting. In particular, this system can be applied to various 

medical fields as a translational medicine device. 
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Chapter 7 

Conclusion and Perspective 

This dissertation proposes various applications of laser speckle imaging in preclinical 

applications. Previous studies using laser speckle imaging have mostly focused on 

monitoring of CBF or observing small areas on the few millimeter scale. However, laser 

speckle imaging, as used in this dissertation, has a relatively large imaging area and can 

be performed from the millimeter to centimeter scales. Furthermore, the contrast of laser 

speckle imaging was enhanced using OCA, which enables the observation of blood 

vessels in deep tissue layers. A study on effective OCA parameter selection was 

conducted in order to apply OCA to laser speckle imaging. The major mechanisms of 

OTC effect index matching and collagen dissociation were verified by measuring an 

increase in light penetration depth with the introduction of OCT and a decrease in 

collagen density, respectively, using an ultrasound scanner. A 70% concentration of 

glycerol was determined to induce the optimal OTC effect. The selected optimal OCA 

parameter was adapted to laser speckle imaging for contrast enhancement. OCA in 

conjunction with a microneedle was applied to mice femoral artery regions. LSCI 

combined with PCTOC greatly enhanced the contrast even in deep vasculature. The 

contrast of LSCI increased as a function of time after the application of PCTOC and was 

properly recovered to the initial conditions after the application of a saline solution. 

Similar results may be obtained when using the suggested LSCI in clinical studies.  

Laser speckle imaging was also used to evaluate the IPL effect in conjunction with 

OCA for blood vessels alteration. In this chapter, we confirmed that when IPL is used 

with OCA on blood vessels, vasodilation and angiogenesis were observed and these 
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phenomena were maintained over time. Previous IPL studies were focused on the 

destruction of blood vessels. However, an IPL device could be used to treat diseases 

related to blood circulation by inducing vasodilation if IPL is used with the proper 

parameters. In fact, there are several papers that have reported the side effects of IPL 

treatment for hair removal. One paper reported that unwanted hair growth arose after IPL 

treatment for hair removal, close to the regions over which IPL was applied. Hair growth 

is strongly related to blood vessels. The most representative treatment of alopecia is 

vasodilation and angiogenesis. This kind of treatment is a good example of another use of 

IPL, although IPL effects are often considered as side effects. We expect that IPL may be 

applied to other treatment areas related to vasodilation, angiogenesis, and blood flow 

enhancement. Further research on the proper IPL parameters and OCA use with IPL 

would be required. 

The feasibility of evaluating the severity of arthritis using LSCI was conducted. 

Quantitative analysis of LSCIs resulted in a high correlation with visual inspection. In 

addition, optical imaging techniques (LSCI and erythema index imaging) were applied to 

early stage arthritis evaluation after the LSCI was confirmed as suitable for arthritis 

evaluation. The LSCI in combination with erythema index imaging provided an 

evaluation of early stage arthritis. The results showed that LSCI has the capability of 

differentiating early stage arthritis from later stages. Thus, LSCI may provide the 

possibility of early detection and evaluation of arthritis severity in an animal model. 

In the final chapter, a MOIS was developed for functional laser speckle imaging, color 

imaging include parallel and cross polarization imaging, erythema and melanin index 

imaging, and fluorescence imaging. The system was evaluated by obtaining optical 

images from human skin and showed promising results. The developed system has the 
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advantages of offering objective and quantitative results, real-time measurements, ease of 

use, measurement flexibility, simple construction, and portability. Furthermore, this 

system offers various types of biological information on the same object by obtaining 

multiple optical images from a single instrument. The system was only used for 

measuring skin in this dissertation. However, this system could easily be applied in many 

different fields from laboratory experiments to a clinic setting as a translational medicine 

device.  
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Appendix A 

Real Time Laser Speckle Imaging Algorithm 

function realtime_LSI() 

NumberFrameDisplayPerSecond=30; 

 

hFigure=figure('Name','Real-Time Lase Speckle Imaging GUI'); 

 

h = uicontrol('String', 'Close',... 

    'Callback', 'close(gcf)',... 

    'Units','normalized'); 

 

vid = videoinput('gige', 1, 'Mono8'); 

set(vid,'FramesPerTrigger',1); 

set(vid,'TriggerRepeat',Inf); 

set(vid,'ReturnedColorSpace','grayscale'); 

triggerconfig(vid, 'Manual'); 

src_vid = getselectedsource(vid); 

src_vid.AcquisitionFrameRateAbs=30;  

set(src_vid,'ExposureTimeAbs',4000); 

 

TimerData=timer('TimerFcn', 

{@FrameRateDisplay,vid},'Period',1/NumberFrameDisplayPerSecond,'ExecutionMode','fixedRate'

,'BusyMode','drop'); 
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start(vid); 

start(TimerData); 

writerObj = VideoWriter('real_time.avi'); 

open(writerObj); 

 

a = vid.FramesAcquired; 

 

for k = 1:a;  

    writeVideo(writerObj,hFigure); 

end 

 

waitfor(hFigure, 'Name'); 

 

close(writerObj); 

 

stop(TimerData); 

 

delete(TimerData); 

 

stop(vid); 

flushdata(vid); 

delete(vid); 

 

clear functions; 
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function FrameRateDisplay(obj, event,vid) 

 persistent IM; 

 persistent handlesRaw; 

trigger(vid); 

IM=getdata(vid,1,'double'); 

std_filter = ones(5);  

mean_filter = fspecial('average',5);  

spatial_correlation_SC = stdfilt(IM,std_filter)./imfilter(IM,mean_filter,'symmetric');  

 

if isempty(handlesRaw) 

    handlesRaw = imagesc(spatial_correlation_SC); 

    set(gca, 'CLim', [0,0.5]); 

    title('Laser Speckle Image'); 

    colorbar; 

else 

    set(handlesRaw,'CData',spatial_correlation_SC); 

end 
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Appendix B 

Laser Speckle Imaging Algorithm 

function LSI 

 

vid = videoinput('gige', 1, 'Mono8'); 

vid.FramesPerTrigger = 30; 

vid.TriggerRepeat = 0; 

vid.ReturnedColorSpace = 'grayscale'; 

vid_src = getselectedsource(vid); 

set(vid_src,'ExposureTimeAbs',4000); 

 

hFig = figure('Name','Lase Speckle Imaging GUI'); 

vidRes = get(vid, 'VideoResolution'); 

imWidth = vidRes(1); 

imHeight = vidRes(2); 

hImage = image( zeros(imHeight, imWidth) ); 

 

preview(vid, hImage); 

 

uiwait(hFig) 

 

start(vid); 
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data = getdata(vid); 

 

flushdata(vid) 

delete(vid) 

 

d=30; 

 

for i=1:d; 

outputFileName = sprintf('%d.bmp',i); 

imwrite(data(:,:,:,i),outputFileName); 

end 

 

clear all 

 

image_info = dir('*.bmp');  

number_of_images = length(image_info);  

 

for i = 1:number_of_images;  

raw_images(:,:,i) = im2double(imread(image_info(i).name));  

end 

[rows,cols] = size(raw_images(:,:,1));  

 

spatial_correlation_SC = zeros(rows,cols,number_of_images,'single');  
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for j = 1:number_of_images  

std_filter = ones(5);  

mean_filter = fspecial('average',5); 

spatial_correlation_SC(:,:,j)=stdfilt(raw_images(:,:,j),std_filter)./imfilter(raw_images(:,:,j),mean_fi

lter,'symmetric');  

end 

 

spatial_correlation_SC_average = mean(spatial_correlation_SC,3);  

figure,imagesc(spatial_correlation_SC_average); 

colorbar;  

 

m1 = spatial_correlation_SC_average > 1; 

m2 = not(m1); 

m = spatial_correlation_SC_average.*m2 + m1; 

m4 = spatial_correlation_SC_average - 1; 

velocity =((-4*(m4) + (10/3)*(m4).^2 - (32/9)*(m4).^3 + (556/135)*(m4).^4 - (1996/405)*(m4).^5 

+ (5638/945)*(m4).^6 - (307424/42525)*(m4).^7 + (222328/25515)*(m4).^8 - 

(11944892/1148175)*(m4).^9 + (2323113074/189448875)*(m4).^10)/(2*0.004)); 

 

spatial_correlation_SC_average = velocity; 

 

SC = spatial_correlation_SC_average; 

figure,imagesc(SC); 

colorbar; 
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Appendix C 

Erythema and Melanin Index Imaging Algorithm 

function EIMI 

vid = videoinput('gige', 1, 'RGB8Packed'); 

vid.FramesPerTrigger = 1; 

vid.TriggerRepeat = 0; 

vid.ReturnedColorSpace = 'rgb'; 

vid_src = getselectedsource(vid); 

 

set(vid_src,'ExposureTimeAbs',100000); 

 

hFig = figure('Name','Color Imaging GUI'); 

vidRes = get(vid, 'VideoResolution'); 

imWidth = vidRes(1); 

imHeight = vidRes(2); 

hImage = image( zeros(imHeight, imWidth) ); 

 

preview(vid, hImage); 

  

uiwait(hFig); 

 

start(vid); 
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data = getdata(vid); 

 

flushdata(vid); 

delete(vid); 

 

imwrite(data,'Color_image.jpg'); 

 

PER=imread('Color_image.jpg'); 

 

sub_per_r=double(PER(:,:,1)); 

sub_per_g=double(PER(:,:,2)); 

 

MI=100*log10(1./(sub_per_r./93.5)); 

EI=100*(log10(1./(sub_per_g./95.8))-1.44*log10(1./(sub_per_r./93.5))); 

 

[m,n] = size(MI); 

for i = 1:1:m 

    for j = 1:1:n 

        if (MI(i,j) <=0) 

            MI(i,j) = 0.0001; 

        end 

    end 

end 
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[m,n] = size(EI); 

for i = 1:1:m 

    for j = 1:1:n 

        if (EI(i,j) <=0) 

            EI(i,j) = 0.0001; 

        end 

    end 

end 

 

figure('Name','Melanin Imaging GUI'), imshow(MI,[]), colorbar,colormap jet; 

figure('Name','Erythema Imaging GUI'), imshow(EI,[]), colorbar,colormap jet; 
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Abstract in Korea 

국문요약 

 

레이저 스페클 영상의 전임상 적용 및 다중 모드 

광 영상 시스템 개발 

 

연세대학교 대학원 

의공학부 

손태윤 

 

피하의 혈류를 관찰하는 것은 생체 조직과 다양한 질병의 상태에 대한 

중요한 정보를 제공하기 때문에 기초연구, 임상 진단, 수술 과정에서 매우 

중요한 요소이다. 레이저 스페클 영상은 생체 조직에서 혈류에 대한 2 차원 

영상을 제공하고, 사용의 용이성, 실시간 측정, 움직임에 의한 요차가 적기 

때문에 많은 분야에서 사용되고 있다. 그러나 조직의 불투명성으로 인하여 

깊은 조직 내의 혈관과 혈류에 대한 연구가 적은 편이다. 본 연구에서 

초기에는 육안으로 보이지 않는 깊은 층에 위치해 있는 혈관에 대한 레이저 
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스페클 영상의 대조도 향상을 위하여 조직의 산란을 효과적으로 감소 시키는 

물리화학적 광 산란 감소 기술을 적용하였다. 결과를 통하여 물리화학적 광 

산란 감소 기술의 레이저 스페클 영상의 대조도를 향상 시켰으며 초기에 

눈에 보이지 않던 혈관의 모양이 육안으로 확인되었다. 

광 투명 물질은 조직에서 빛의 산란 문제를 해결하기 위하여 연구되어 

왔다. 광 투명 물질 사용 방법은 탈수, 콜라겐과 주변 조직의 굴절률 부정합 

감소, 콜라겐 해리와 같은 기전에 기반하고 있으며, 이로 인하여 광 산란 

계수를 감소 시킨다. 그러나 광 산란 감소 기술에 대한 기전은 아직 명확히 

밝혀진 것은 아니다. 실제 광 영상 장비의 성능 개선을 목적으로 광 투명 

물질을 적용한 연구들이 많이 진행되어 왔다. 그럼에도 불구하고 광 투명 

물질의 농도, 적용시간 등과 같은 기초적인 변수에 대한 연구는 전무한 

실정이다. 따라서, 본 연구에서는 최적의 광 산란 감소 효과와 광 투명 

물질의 변수 사이의 상관성에 대하여 연구를 하였다. 실험을 위하영 

글리세롤을 광 투명 물질로 선정하였다. 최적의 광 산란 감소 효과를 

나타내는 글리세롤 농도를 결정하기 위하여 돼지 피부를 이용한 Ex-vivo 

실험이 진행되었다. 최적의 광 산란 감소 효과를 유발하는 글리세롤의 농도를 

결정하기 위하여 광 간섭 단층 촬영 장치와 초음파 영상 장치가 사용되었다. 

광 간섭 단층 촬영 장치는 빛 산란 감소를 평가 하기 위하여 사용되었고 

초음파 영상 장치는 콜라겐 해리와 관계가 있는 콜라겐 밀도 변화를 

정량적으로 평가하기 위하여 사용되었다. 글리세롤 적용 60 분 후, 70% 

글리세롤이 최적의 광 산란 감소효과를 나타내었다. 
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혈관성 병변의 치료는 IPL 을 이용한 치료의 주된 적용 분야이다. IPL 을 

이용한 혈관정 병변 치료의 목적은 혈관의 온도를 충분히 상승시켜 응고되게 

하여 혈관의 파괴를 유도한 후, 그 자리를 섬유 육아 조직으로 대체되게 하는 

것이다. 하지만 IPL 치료의 여러 장점에도 불구하고 일시적 홍반, 표면 물집, 

색소침착저하, 과다색소침착 등과 같은 부작용을 유발한다. 이런 부작용들은 

피부에 직접적으로 적용되는 높은 에너지 때문이다. 본 연구에서는 광 투명 

물질을 이용하여 부작용을 줄이고, 궁긍적으로 IPL 의 치료 효과를 

개선하고자 하였다. 혈관이 많이 분포하여 있는 토끼 귀를 샘플로 선정하였고 

광 투명 물질을 IPL 과 함께 적용하였을 때 혈관의 변화를 관찰하였다. 

레이저 스페클 영상 기기과 광 투과 영상 기기를 이용하여 혈관의 변화를 

영상화하였다. 광 투명 물질과 IPL 을 동시에 적용하였을 때에 혈관 확장과 

혈관 생성이 발생하였으며 그 효과가 지속되었다. 연구 결과를 통하여 광 

투명 물질과 함께 IPL 을 사용하면 IPL 의 치료 효율 높일 뿐만 아니라 IPL 

기기의 적용 범위를 혈관 파괴 이외의 분야에 적용할 수 있을 것으로 

기대한다. 

관절염은 일상 생활과 업무에 상당한 제한을 수반하며 삶의 질을 하락 

시키는 장애의 주된 원인이 된다. 또한, 많은 치료가 요구된다. 관절염은 매우 

심각하고, 질병에 걸리기 쉽지만, 진단비용이 저렴하여 관절을 진단할 적절한 

장비의 부재로 적합한 진단 방법이 없는 것이 현실이다. 본 연구를 통하여 

관절염 동물 모델을 이용하여 광영상의 관절염 진단의 가능성에 대하여 

연구를 하였다. 관절염 유발 후 광영상을 통하여 쥐의 발바닥 변화를 영상화 
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하였다. 두가지 실험이 진행되었다. 관절염의 정도를 평가하는 실험과 초기 

관절염의 평가 가능성에 대하여 실험을 진행하였다. 관절염 정도 평가 

실험엥서는 레이저 스페클 영상을 이용하여 영상을 획득하였고, 그 결과는 

전문가의 육안 검사와 비교하였다. 초기 관절염 평가는 레이저 스페클 영상과 

홍반 지수 영상을 이용하여 영상화하였고, 그 결과를 생검 결과와 비교하였다. 

결과를 통하여 레이저 스페클 영상이 초기 관절염을 진단하기에 적합하다는 

것을 보여주었다. 

일반적으로 광학 영상 기술은 객관적이고 정량적인 진단에 많은 중요한 

장점을 제공한다. 또한, 광학영상은 실시간, 미시적 이거나 거시적 정보를 

빠르고 정확한 진단을 위하여 제공한다. 최근 많은 광학 분야에서 기술의 

발전은 광학 영상의 플랫폼의 간소화, 통합적인 다기능 영상을 가능하게 했다. 

이로 인하여 한 기기를 통하여 기능적, 구조적 정보를 동시에 획득 가능하게 

하였다. 

본 논문을 통하여 레이저 스페클 영상, 컬러 영상, 편광 영상, 홍반 지수 

영상, 색소 지수 영상, 형광 영상의 기능이 가능한 다기능 광 영상 시스템을 

개발하였다. 사람 피부로부터 다양한 광학 영상을 획득하여 개발된 시스템을 

평가하였다. 

 

핵심 되는 말: 광 양상, 다중 모드 영상, 실시간, 레이저 스페클 영상, 편광 

영상, 홍반 지수 영상, 색소 지수 영상, 관절염, IPL, 인도시아닌 그린 
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