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ABSTRACT 

Cartilaginous tissue is a connective tissue composed of specialized cells (e.g., 

chondrocytes and fibroblasts) that produce a large amount of extracellular matrix (ECM), 

which is comprised mostly of collagen fibers, abundant ground substance rich in 

proteoglycan, and elastic fibers.  It is characterized by its avascular structures within the 

tissue, implying that nutrition for normal tissue cells and maintaining a healthy ECM, is 

mainly supplied through diffusion from nearby vascularized tissues and synovial fluid.  

Poor nutritional supply to the cartilaginous tissue is believed to be an important factor 

leading to tissue degeneration.  Moreover, due to the complex collagen fiber structures, 

the solute diffusion properties in cartilaginous tissues are mainly anisotropic (i.e., 

orientation dependent) in three-dimensional (3D) space.  Thus, the determination of 

nutrient solute anisotropic diffusion properties is crucial for understanding the 

mechanism of nutrient transport in cartilaginous tissues.  Furthermore, characterization of 

the solute diffusive transport properties in cartilaginous tissues will delineate the 

relationship between solute diffusion and tissue morphology for further understanding the 

pathophysiology and etiology of tissue dysfunction and degeneration.    

Fluorescence recovery after photobleaching (FRAP) is a versatile and widely used 

tool for the determination of local diffusion properties within solutions, cells, and tissues 

due to its high spatial resolution offering the possibility to microscopically examine a 

specific region of a sample.  However, there is a lack of FRAP techniques which can 

determine the two-dimensional (2D) and 3D anisotropic solute diffusion properties in 

cartilaginous tissues.  Therefore, the objective of this project is to develop novel FRAP 



 

iii 
 

techniques for determining 2D and 3D anisotropic solute diffusion properties in 

cartilaginous tissues. 

First, a new 2D FRAP technique solely based on the spatial Fourier analysis (SFA) 

was developed to determine the 2D anisotropic diffusion tensor in cartilaginous tissues.  

The major innovations of this study included the derivation of a close-form solution for 

the 2D diffusion equation by solely using Fourier transform and the complete 

determination of three independent components of the 2D diffusion tensor.  The new 

theory was validated by computer simulated FRAP experiments indicating the high 

accuracy and robustness.  The new method was applied to determine the 2D diffusion 

tensor of 4kDa FITC-Dextran in porcine TMJ discs.   It was found that the diffusion of 

this solute in TMJ discs was inhomogeneous and anisotropic.  This study has provided a 

new method to quantitatively investigate the relationship between transport properties 

and tissue composition and structure.  The obtained transport properties are crucial for 

future development of numerical models studying nutritional supply within the TMJ disc. 

Next, the relationship between solute diffusion properties and tissue morphology 

was investigated by using the new FRAP technique and scanning electron microscopy 

(SEM).  The SEM results demonstrated that the collagen fibers in the TMJ disc aligned 

anteroposteriorly in the medial, intermediate and lateral regions while aligning 

mediolaterally in the posterior region.  Interestingly, fibers aligned in both the 

anteroposterior and mediolateral directions were found in the anterior region of the TMJ 

disc.  The diffusion properties were highly correlated with tissue morphology.  It was 

found again that the solute diffusion in the TMJ disc was anisotropic and inhomogeneous, 
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which suggested that tissue structure (i.e., the collagen fiber alignment) and composition 

(e.g., water content) could be key factors that affect the solute diffusion properties within 

TMJ discs. 

Lastly, a new 3D MP-FRAP technique was fully developed for determining 3D 

anisotropic solute diffusion in cartilaginous tissues.  A closed-form solution for the 3D 

anisotropic diffusion equation was derived by using SFA and all the components of the 

3D diffusion tensor were obtained by averaging the diffusivities over a shell of a 

spherical surface in the frequency domain.  The new method was well validated by 

analyzing computer simulated MP-FRAP data as well as measuring the diffusivities of 

FITC-Dextran (FD) molecules in the glycerol/PBS solutions.  Quantitative analysis of 3D 

MP-FRAP experiments in the ligament tissues was demonstrated as an in vitro 

application of our new technique.  The results demonstrated that the 3D diffusion 

properties of two types of FD solutes (FD70 and FD150) in the ligament tissue slices 

were anisotropic and the diffusion along the fiber orientation was always faster than the 

other two directions.   

The advantages of the new 2D and 3D FRAP techniques includes (1) the 

boundary and initial conditions for these analyses are flexible, so bleaching volume could 

be any 2D or 3D geometries, (2) the real first recovery image frame or stack right after 

photobleaching is not required for the diffusion tensor calculation, and (3) the diffusion 

tensor can be calculated without measuring the point spread function or optical transfer 

function of the microscope.  Due to these features, our techniques can be conveniently 

carried out on a commercial confocal or multiphoton laser scanning microscope for the 
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2D or 3D anisotropic diffusion measurements.  Future work for this project involves 

incorporating high-speed fluorescence imaging techniques into our FRAP methods in 

order to enhance the capabilities and broaden the applications of our method.  In addition, 

investigating diffusion properties in cartilaginous tissues by using other imaging 

modalities [e.g., magnetic resonance imaging (MRI) and computed tomography (CT)] 

may lead to translational applications for the FRAP techniques developed in this 

dissertation.  
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Introduction 

Diffusion of solutes plays a crucial role in maintaining cell and tissue function and 

is also essential to many disease diagnostics and therapies that deliver drugs and genes to 

the human body.[1, 2]  For instance, investigations on solute diffusion in aqueous cellular 

compartments are important for understanding metabolism, second messenger signaling, 

and protein-protein interactions.[3]  Moreover, magnetic resonance (MR) based diffusion 

measurements have become the most successful and applicable diffusion techniques in 

clinics.  As a result, the related diagnostic approaches have been utilized in detecting the 

tissue structure changes related to the anatomic pathological information in brain 

diseases.[4]  Finally, diffusion is a dominant mechanism for the transport of nutrient 

solutes through the extracellular matrix (ECM) of cartilaginous tissues with an avascular 

nature, while the dysfunctional diffusion of nutrient solutes is believed to contribute to 

the degeneration of these tissues over time.[5-7]  Therefore, determination of solute 

diffusion properties in cells, tissues or other biological systems does not only measure 

specific solute diffusion coefficients and mobilities, but also becomes a means for 

exploring the function and structure of these systems.  The overall goal for my Ph.D. 

research is to develop the fluorescence-based diffusion measurement techniques for 

determining anisotropic solute diffusion properties in cartilaginous tissues.   

1.1.1 Degeneration of Cartilaginous Tissues 

Cartilaginous tissue is a connective tissue composed of specialized cells (e.g., 

chondrocytes and fibroblasts) that produce a large amount of extracellular matrix (ECM), 
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which is comprised mostly of collagen fibers, abundant ground substance rich in 

proteoglycan, and elastic fibers.  It is characterized by its avascular structures within the 

tissue, implying that nutrition for normal tissue cells, for maintaining a healthy ECM, is 

mainly supplied through diffusion from nearby vascularized tissues and synovial fluid.  

Poor nutritional supply to the cartilaginous tissue is believed to be an important factor 

leading to tissue degeneration.[6]  Urban, J.P. et al. have studied the nutrition of the 

intervertebral disc (IVD), the largest avascular tissue in the human body, and found the 

dysfunctional diffusion of nutrients in IVD tissue can lead to cell death, loss of matrix 

production, an increase in matrix degradation, and hence disc degeneration [8].  Recently, 

water diffusion measured by the diffusion tensor imaging (DTI) technique has been 

reported to have the potential to become a valuable bioindicator for detecting articular 

cartilage degeneration.[9]  Thus, my research focused on developing novel two-

dimensional (2D) and three-dimensional (3D) diffusion measurement techniques to 

determine the anisotropic solute diffusion properties in the cartilaginous tissues.  

1.1.2 Fluorescence Recovery after Photobleaching (FRAP) Technique 

FRAP is a versatile and widely used tool for the determination of local solute 

diffusion properties within solutions, tissues, cells, and membranes.[10]  Due to the high 

spatial resolution, FRAP offers the possibility to microscopically examine a specific 

region of a sample using confocal or multiphoton laser scanning microscopy (CLSM or 

MP-LSM).[11, 12]   The basic principle of FRAP is based on photobleaching the 

fluorescence of molecular probes using a high intensity laser and analyzing the recovery 

of the photobleached area to obtain solute diffusivities, as shown in Figure 1.1. 
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(a) (b) (c) (d) 

 

Figure 1.1 Postbleaching process of FRAP experiments.  
(a) The first confocal microscopy image after photobleaching using sufficiently high 
intensity laser. (b)-(d) Fluorescence recovery process after photobleaching at different 
time period. Due to the diffusion of fluorescently-labeled solutes, the dark bleaching spot 
gradually becomes brighter during the recovery course. 

t = 0 s 

Bleaching 
Spot 

t = 14.2 s t = 35.5 s t = 71 s 
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To date, most FRAP analyses are based on the method proposed by Axelrod et al. 

[13] more than 30 years ago for isotropic diffusion.  FRAP has become the gold standard 

for measuring protein mobility on cell membranes.  In the past decade, the FRAP 

technique has been developed and applied to study diffusion properties from the cellular 

level to the tissue level, especially, in cartilaginous tissues.[5, 7, 14]  Because of the 

complex collagen fibers and ECM structure, the solute diffusion in cartilaginous tissue is 

commonly anisotropic.  A successful approach for FRAP analysis is based on the spatial 

Fourier analysis (SFA) of the recovery images and has the advantage of detecting the 

anisotropic solute diffusion properties.[15, 16]  This method has been used to 

characterize 2D anisotropic diffusion in knee meniscus and IVD tissue.[17]  Based on 

the previous studies, we will further develop a new FRAP method solely based on 

the SFA to completely determine 2D anisotropic diffusion tensor.  Additionally, the 

dramatic development of MP-LSM during the last decade has provided an essential 

pathway to the realization of 3D FRAP techniques.[12]  Due to the nonlinear optical 

process, the multiphoton excitation can really generate a 3D spatially well-defined 

geometry of the bleaching profile (Figure 1.2).  Thus, MP-LSM is perfect to study the 3D 

FRAP model.  However, to our knowledge, there are no 3D models for anisotropic 

diffusion measurements by using SFA and multiphoton bleaching experiments.  

Therefore, another major goal of this study is to develop the mathematical theory 

and techniques of 3D FRAP with SFA and multiphoton technique to determine the 

anisotropic solute diffusion properties in solutions and ligament tissues. 
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Figure 1.2 The 3D well-defined bleaching profile induced by multiphoton laser scanning. 
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1.1.3 Innovation 

 Implication for the Solute Diffusion Measurements 

Based upon the successful accomplishment of this study, the 2D and 3D 

anisotropic solute diffusion properties in cartilaginous tissue will be fully characterized 

for the first time.  The novel FRAP techniques can also be applied to investigate the 

complex 2D and 3D solute diffusion properties in the intracellular space by incorporating 

super-resolution imaging techniques.  Furthermore, the 2D and 3D diffusion of important 

drugs in tumor or brain tissues can be quantified by our new techniques as well.   

 Implication for the Diagnosis and Treatment of Cartilaginous Tissue 

Degeneration 

There are few useful diagnostic procedures for degenerating cartilaginous tissues 

and treatments are also limited.  With the development of modern medical imaging 

technology, this proposed study can be translated to in vivo studies using non-invasive 

imaging techniques, which can be further developed to diagnose the patients who have 

cartilaginous tissue degeneration.  New treatments for the degeneration of cartilaginous 

tissues may be initialized if the nutritional supply process could be comprehensively 

understood.  

 Guidance for Engineered Cartilaginous Tissues 

Many designs of tissue-engineered cartilaginous tissues fail due to inappropriate 

biochemical and biomechanical composition and structure.  Abnormal nutrient solute 

diffusion is also an aspect of unsuccessful design of the engineered cartilage because the 
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cells inside the artificial tissues cannot acquire the nutrient supply functionally.   Tissue 

engineering studies may benefit from this proposed study because mimicking normal 

nutrient solute diffusion is a key factor in designing appropriate cartilaginous tissue 

engineered constructs.  

1.2 Research Goals and Specific Aims 

Diffusion of solutes plays a crucial role in maintaining cell and tissue function and 

is also essential to many therapies that deliver drugs and genes to the human body. 

Determination of diffusion properties in cells, tissues, or other biological systems could 

not only measure specific solute diffusion coefficients, but also becomes a means for 

exploring the function and structure of these systems.  For instance, investigations on 

molecular diffusion in cell membranes are important for understanding the dynamics of 

diverse proteins.  Moreover, diffusive transport of nutrient solutes through the ECM plays 

a key role in maintaining the normal function of avascular cartilaginous tissues, while the 

dysfunctional diffusion of those solutes is believed to contribute to the degeneration of 

the tissues over time.  The most current 2D and 3D diffusion studies have concentrated 

on isotropic solute diffusion measurements at cell level.  However, to our knowledge, 

there are very few studies examining the 2D and 3D anisotropic solute diffusion 

properties at tissue level by using FRAP techniques.  Therefore, our research goal is to 

develop the novel FRAP techniques for 2D and 3D anisotropic solute diffusion 

measurements in cartilaginous tissues.   

Hypothesis: We hypothesize that the novel 2D and 3D FRAP techniques can 

completely determine the anisotropic solute diffusion properties at tissue level and 
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therefore, further characterize the relationship between solute diffusion and tissue 

morphology of cartilaginous tissues. 

Aim 1. Develop and validate the mathematical theory and technique of SFA-

based 2D FRAP method for determining the anisotropic solute diffusion tensor and 

apply this novel technique to investigate the 2D anisotropic solute diffusion 

properties in the TMJ disc.  The mathematical theory for the most current 2D FRAP 

techniques is mainly based on the analysis in the spatial domain and the assumption of 

isotropic diffusion in the samples.  However, the solute diffusion in various cartilaginous 

tissues (e.g., IVD and TMJ disc) with complex structures is believed to be anisotropic 

(i.e., orientation dependent).  Therefore, in this specific aim, we will derive a close-form 

solution of the 2D diffusion equation in the frequency domain by using SFA and develop 

a new mathematical theory for data analysis of the 2D FRAP technique.  Validation of 

the new FRAP method will be accomplished by diverse computer simulated diffusion 

tests with pre-defined diffusion tensors.  Finally, this novel technique will be applied to 

investigate the 2D anisotropic solute (FITC-Dextran with molecular weight of 4KDa) 

diffusion properties in porcine TMJ discs.  

Aim 2. Determine the relationship between anisotropic solute diffusion 

properties and tissue morphology in porcine TMJ discs.  Based on the 

accomplishment of Aim 1, the novel 2D FRAP technique (developed and validated in 

Aim 1) will be utilized to determine the solute (Fluorescein with molecular weight of 

332Da) diffusion processes in the porcine TMJ disc tissue.  Tissue morphology of 

porcine TMJ discs will be examined by scanning electron microscopy (SEM).  The 
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relationship between solute diffusion properties and tissue morphology will be 

investigated to explore the impact of tissue structure on the solute diffusion properties 

and for further understanding the pathways of nutritional supply into the TMJ disc. 

Aim 3. Develop the mathematical theory and technique of a novel 3D FRAP 

method with SFA and multiphoton microscopy for determining the 3D anisotropic 

solute diffusion tensor in the porcine ligament tissue.  The dramatic development of 

multiphoton laser scanning microscopy (MP-LSM) during the last decade has provided 

an essential pathway to the realization of 3D FRAP techniques.  However, to our 

knowledge, there are no 3D FRAP methods for anisotropic diffusion measurements by 

using SFA and multiphoton technique.  Therefore, based on the accomplishment of Aim 

1 and 2, we will also derive a close-form solution of the 3D diffusion equation in the 

frequency domain by using SFA and develop the new mathematical theory for data 

analysis of the 3D FRAP technique. Validation of the new methods will be firstly 

accomplished by diverse computer simulated FRAP experiments.  Additionally, the 

solute diffusivities in different glycerol solutions will be determined to further validate 

the new 3D FRAP technique by comparing the results with the diffusivity values reported   

in other literatures under similar testing conditions.  Finally, in order to demonstrate that 

the new 3D FRAP method is capable to investigate the 3D solute diffusion in the 

biological tissues, this technique will be utilized to determine 3D solute diffusion 

properties in the porcine ligament tissue, which is a typical soft collagenous tissue with 

well-organized collagen fibers,  

Impact on the Field: Based upon the successful accomplishment of the proposed 
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study, novel FRAP techniques will be fully developed for determining the 2D and 3D 

anisotropic diffusion in cartilaginous tissue.  Moreover, characterization of the 2D and 

3D solute diffusive transport properties in cartilaginous tissues will delineate the 

relationship between solute diffusion and tissue morphology for further understanding the 

pathophysiology and etiology of tissue dysfunction and degeneration.  These new 

techniques could also be translated to study the diffusion of anti-tumor drugs and genes to 

tumor cells as well as the diffusion properties in the brain.  Finally, mimicking the normal 

solute diffusion properties in cartilage will be a key factor for developing successful 

tissue engineered constructs.   

1.3 Organization of Dissertation 

The following manuscript is organized in chapters of related studies that combine 

to form the overall aims of this project.  In Chapter 2 we firstly presented a brief 

introduction on solute diffusion in various biological systems to demonstrate the 

significance of this project, and then summarized five different types of diffusion 

measurement techniques including diffusion cell method, optical fluorescence methods, 

electrical conductivity approach for ion diffusion, radiotracer methods, and MR-based 

diffusion imaging methods.  In Chapter 3, we presented a comprehensive overview of 2D 

and 3D FRAP techniques and applications. Both spatial and frequency analysis based 2D 

FRAP techniques were discussed and the developments and typical mathematical theories 

for both techniques were demonstrated in this chapter.  We also introduced the 

applications of FRAP in various biological researches including molecular diffusion in 

cell membranes, protein dynamic studies in living cells, and solute diffusion in the ECM.  
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FRAP techniques for 3D diffusion measurements were introduced in the last section, 

which mainly include confocal and multiphoton based 3D FRAP methods.  In Chapter 4, 

a novel 2D FRAP technique solely based on the SFA was developed to determine the 

anisotropic solute diffusion tensor in porcine TMJ disc.  We found the new FRAP 

technique can accurately determine the anisotropic 2D diffusion tensor of 4KDa FTIC-

Dextran in porcine TMJ disc.  These findings indicated that the diffusion of this solute in 

TMJ discs was inhomogeneous and anisotropic.  In Chapter 5, we investigated the 

relationship between solute diffusion properties and tissue morphology in porcine TMJ 

discs by utilizing the FRAP technique we developed in the chapter 4 as well as SEM.  It 

was found that the diffusion of fluorescein in the TMJ disc was anisotropic and 

inhomogeneous, which indicated that tissue structures (i.e., the collagen fiber alignment) 

and composition (e.g., water content) could be the key factors that mainly affect the 

solute diffusion properties in the TMJ disc.  In Chapter 6, the SFA based FRAP technique 

was further developed to determine the solute anisotropic diffusion in 3D tissue samples. 

Multiphoton photobleaching technique was applied to create a cubic bleached block in 

the central region of the samples and the 3D fluorescence recovery process was recorded 

by taking the Z-stack image series over time.  All the components of 3D diffusion tensor 

were calculated by our new 3D MP-FRAP methods.  Finally, quantitative analysis of 3D 

MP-FRAP experiments in porcine ligament tissues was demonstrated as an in-vitro 

application of our technique.  Chapter 7 outlines the overall conclusions of this project 

and identifies future directions of this work. 
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CHAPTER 2 METHODS OF DIFFUSION MEASUREMENTS 

2.1 Introduction 

Diffusion is the process by which molecules spread from regions of high 

concentration to regions of low concentration. It results from the thermal and random 

movement of molecules and is driven by concentration gradients. The mathematical 

framework to describe the phenomena of diffusion was developed by Adolf Eugen Fick 

(1829–1901).[18]  His vital contribution to the research of diffusion was to define the 

diffusion coefficient and to measure the diffusion of salt in water. John Crank published a 

well-known book providing a collection of solutions of the diffusion equations described 

how these solutions may be obtained.[19]  Biomedical and biophysical scientists have 

been using those equations and solutions to determine the molecular diffusion in the 

biological systems.[7, 15, 20-24] 

2.1.1 Molecular Diffusion in Cell Membranes 

Cell membranes, consisting of a phospholipid bilayer [25] with embedded 

proteins, separate the intracellular components from the extracellular environment. The 

lateral diffusion of molecules is very important in the functional activities of cell 

membranes, such as membrane-bound enzymes, regulatory proteins and the transmission 

of hormone signals.[26, 27]  These diffusion properties have been measured by a variety 

of methods, for example, fluorescence recovery after photobleaching (FRAP) and single 

particle tracking (SPT).[28]  Investigations of molecular diffusion in cell membranes are 

crucial for understanding the dynamics of diverse proteins and the metabolism of cells. 
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2.1.2 Solute Diffusion inside the Living Cells 

Various intracellular processes including second messenger signaling, metabolism 

and protein-protein interactions are related to the diffusion of solutes. The intracellular 

diffusion of solutes could be affected by solute properties, and by the composition and 

structure of the intracellular compartments. Studies have shown that small solute 

diffusion is relevant for metabolite uptake and second messenger signaling, the diffusion 

of enzymes is important for metabolism, and the diffusion of DNA is important in 

antisense and gene therapy.[3]  Experimental approaches to measure solute diffusion 

inside living cells include FRAP, fluorescence correlation spectroscopy (FCS), [29] time-

resolved anisotropy methods [30] and magnetic resonance methods.[31]  Determination 

of solute diffusion inside the living cells could be useful not only in understanding the 

diffusive properties, but also in improving the efficiency of strategies in drug delivery.  

2.1.3 Diffusion in the ECM: Applications in the Brain  

Diffusion plays a crucial role in brain function and is also essential to many 

therapies that deliver drugs to the brain.[32]  Based on the appropriate measurement 

methods, the diffusion concentration distributions of well-chosen molecules could unveil 

the structure of brain ECM space under normal or pathological condition. Numerous 

techniques [1] have been developed to determine the diffusion in brain tissue, which 

include radiotracer technique, real-time iontophoresis (RTI) and real-time pressure (RTP) 

ejection, integrative optical imaging (IOI), FRAP , light scattering and transmission, 

magnetic resonance (MR) based imaging [i.e., diffusion weighted imaging (DWI), 

diffusion tensor imaging (DTI), diffusional kurtosis imaging (DKI)] , microdialysis and 
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impedance. The most successful and applicable technique of diffusion measurement to 

clinics could be MR based imaging techniques which have been validated as 

indispensable clinical diagnostic approaches that provide trustworthy anatomic 

pathological information for brain-related diseases.[4] 

2.1.4 Diffusion in the ECM: Applications in the Cartilaginous Tissues 

Diffusive transport of nutrient solutes through the ECM plays a key role in 

maintaining the normal function of cartilaginous tissues while the dysfunctional transport 

of those solutes is believed to contribute to the degeneration of the tissues over time. 

Solute diffusivities in articular cartilage, intervertebral disc (IVD) and 

temporomandibular joint (TMJ) discs have been determined using a variety of techniques 

including FRAP, [5] Magnetic Resonance Imaging (MRI), [33, 34] tracking the net 

movement of radiolabeled solutes, [20, 35] and fluorescence [36] or radiotracer 

desorption.[37, 38]  These findings suggested that diffusive transport in cartilaginous 

tissues is dependent upon tissue composition (e.g., water content) and structure (e.g., 

collagen orientation).  Tissue engineering studies may benefit from the diffusion studies 

because mimicking the normal nutrient solute transport in real tissues should be a key 

factor for successful tissue engineering of cartilaginous tissues. 

In conclusion, the solute diffusion is significantly important in the biological 

systems.  Therefore, this chapter summarizes the experimental approaches for quantifying 

the molecular diffusion in cells, tissues and biomaterials.  A wide variety of methods 

have been created and developed to measure solute diffusion in cells, tissues and 

biomaterials.  These methods will be generally divided into five categories: diffusion cell 
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method, optical fluorescence methods, electrical conductivity approach for ion diffusion, 

radiotracer methods, and MR-based methods (i.e., DWI, DTI and DKI).  The typical 

techniques in each category will be introduced in the following sections. 

2.2 Diffusion Cell Method 

Diffusion cell method is a one-dimensional steady-state diffusion experiment 

which has been used to directly yield values of apparent solute diffusivities in the 

intervertebral disc (IVD) tissues.[39-41]  The principle of the diffusion measurement is 

straightforward and governed by Fick’s law. The solute is introduced into the upstream 

chamber, then which gradually diffuses across the specimen into the downstream 

chamber. (Figure 2.1) The solute concentrations in downstream are measured at different 

time points and the diffusion equation is used to curve-fit the experiment data to yield the 

diffusivity. Jackson et al. investigated the effect of static compression and anisotropy on 

the apparent diffusivity of glucose in bovine annulus fibrosus (AF) and found the 

diffusion of glucose in bovine AF is anisotropic and significantly dependent on strain.[30]  

This method only can determine the diffusion in a large scale (e.g., mm), the diffusion 

rate at the micron-level is difficult to be measured using diffusion cell method.  The 

diffusion cell method is also time-consuming. 
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Figure 2.1 Schematic of a custom diffusion cell. [41] 
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2.3 Optical Fluorescence Methods 

Optical fluorescence method is the most popular approach which is mainly used 

in the cell biology field to quantify the diffusion properties of fluorescent molecules in 

cell membranes and intracellular components. Thousands of studies have been done on 

the solute diffusion determination using this type of methods since the 1970’s. The 

applications of optical fluorescence methods started from in vitro cell membrane studies, 

with the tremendous progress of the researches on fluorescent dye and microscopy, 

they've been applied to study the intracellular diffusion and the solute mobility at tissue 

level in vivo.  Four major optical fluorescence methods for diffusion measurements will 

be presented in the following sections.  

2.3.1 Single Particle Tracking (SPT) 

The basic principle (Figure 2.2) of SPT is using video microscopy to record the 

motion of an individual particle within a medium and processing the images to obtain the 

trajectory of the particle motion. The trajectory can be analyzed using an appropriate 

statistical distribution function to provide a diffusion coefficient.  The first SPT 

experiment was implemented by Barak and Webb [42] who tracked a fluorescent-labeled 

low density lipoprotein receptor on human fibroblast.  

Many SPT studies [43-47] have been conducted to explore the detailed modes of 

protein diffusion and motion (i.e., normal diffusion, anomalous diffusion, directed motion 

with diffusion and corralled motion) in cell membranes. Due to the high spatial (tens of 

nanometers) and temporal (tens of milliseconds) resolution, the SPT technique has 

become a powerful tool to study the molecular dynamics in heterogeneous cell 
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membranes and intracellular compartments. However, the limitation of SPT technique is 

that the solute concentration is always low, so this method cannot be applied to the 

medium with high concentration.  
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Figure 2.2 Schematic drawing of a SPT experiment.  
(a, b) In the localization step, the fluorescence image at a given time (a) is analyzed to 
give the positions of the particles at that time (b). (c) After repeating the localization step 
on a time series of images, the positions at each time point are linked into trajectories in 
the connection step. The trajectories are then interpreted. Shown here are pure random 
walks (red), directed motion (green), confined motion (purple), a random walk with 
blinking (blue) and a trajectory with merging and splitting (black). [48] 
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2.3.2 Fluorescence Correlation Spectroscopy (FCS) 

The FCS technique was first proposed by Dr. Webb’s lab in 1972 at Physical 

Review Letters.[49]  His group established the theoretical basis and experimental 

realization of FCS.[50-52]   

Figure 2.3 shows the schematic of a typical FCS experiment.  The basic principle 

of FCS is to measure the spontaneous molecular concentration fluctuation driven by 

thermodynamics as a function of time in a well-defined open microscopic volume 

without disturbing the macroscopic equilibrium of the system.  Fluorescent intensity 

corresponding to the fluorescence concentration could be detected in the practical FCS 

setup and autocorrelation analysis on fluorescent intensity fluctuation yields diffusion 

coefficients.  

One early successful application of FCS was the measurement of lateral diffusion 

of fluorescent lipid in planar bilayer membranes.[53]  In the last two decades, the FCS 

technique has been successfully applied to study molecular diffusion in the biomedical 

field. Due to the advances in signal detectors, fluorescent markers, autocorrelation 

electronics and confocal and multiphoton microscopy, FCS has been improved in many 

aspects, such as detection limits, measurement times and signal-to-noise ratio.[29, 54-57]   

Potential problem with using FCS for measuring translational mobilities within a cell 

membrane is that the depth of the observation volume (~µm) is significantly larger than 

the thickness of biological membranes (~10nm) which can lead to mixed sampling of the 

mobility in the membrane and adjacent aqueous surrounds. 
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Figure 2.3 Schematic drawing of a FCS experiment.  
(a) Fluorescence is collected from the molecules (circles) in a small well defined volume 
(red) near the focus of a laser beam (pink) within an equilibrated solution. The number of 
fluorescent molecules (yellow) in this volume fluctuates due to diffusion/flow in and out 
of this volume. The fluorescence fluctuates (b Upper) in proportion to the number of 
fluorescent molecules in the volume, and its autocorrelation (b Lower) yields the 
dynamic parameters. [29] 
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2.3.3 Fluorescence Recovery after Photobleaching (FRAP) 

FRAP is a versatile and widely used tool for the determination of local solute 

diffusion properties within solutions, tissues, cells, and membranes.[3, 10, 58-61] Due to 

the high spatial resolution, FRAP offers the possibility to microscopically examine a 

specific region of a sample using confocal or multiphoton laser scanning microscopy. For 

instance, the site-specific (i.e., inhomogeneous) solute diffusion in articular cartilage has 

been previously studied using FRAP. [5] The typical principle of FRAP is based on 

photobleaching the fluorescence of molecular probes using a high intensity laser and 

analyzing the recovery of the bleached area to obtain solute diffusivities, see Figure 1.1. 

To date, most FRAP analyses are based on the method proposed by Axelrod et al. 

for isotropic diffusion.[13] Another approach for FRAP analysis is based on the SFA of 

the recovery images and has the advantage of potential detection of anisotropic diffusion. 

[7, 14-16, 62, 63] The major limitation of FRAP technique is the photobleaching laser 

could damage the living cells. The details of FRAP related techniques and applications 

will be further discussed in the following sections.  
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Figure 2.4 A typical relative fluorescence intensity VS. time curve in FRAP experiment.  
Immobile fraction and diffusivity could be calculated by analyzing this curve.[64] 
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2.3.4 Integrative Optical Imaging (IOI) 

IOI technique is a special optical method first presented by Nicholson and Tao in 

1993 [65] in order to determine the macromolecular diffusion in brain tissue. Figure 2.5 

shows an example of IOI technique. In hydrogel or brain tissue samples, the diffusion of 

fluorescently labeled macromolecules released from a micropipette is monitored and 

measured by fluorescence microscopy. One-dimensional (1D) fluorescence intensity 

profile is combined with the theoretical analysis of diffusion and imaging model to yield 

the diffusivities.[1]  This technique was improved by Xiao et al. and successfully used to 

determine the anisotropic diffusion of dextran polymers in brain ECM space.[66]  

However, one limitation of this method is that the measurement is restricted to optically 

thin slices of brain tissue and the characterization of diffusion properties in deep brain 

tissue requires an alternative approach.  
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Figure 2.5 IOI measurements in vivo using 3kDa dextran.   
(a) Experimental setup for IOI diffusion measurements in vivo. Successive images of 
fluorescent probe diffusion were captured by a cooled charge-coupled device (CCD) 
camera and fluorescent microscope with a 10X water-immersion objective after pressure 
ejection from a micropipette into either dilute agarose or somatosensory cortex, accessed 
through an open cranial window in rat (scale bar = 500µm). (b) Dextran diffusion in 
neocortex. Representative images after fluorescent dex3 ejection into agarose or cortex. 
Fluorescence intensity profiles and theoretical fits for the images shown below images, 
yielding D =2.3×10-6cm2/s (agarose) and D*= 4.5×10-7cm2/s (cortex). Scale bars = 
200µm. [67] 
 

(a) (b) 
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2.4 Electrical Conductivity Approach for Ion Diffusion 

Electrical conductivity approach for ion diffusion is mainly applied to measure 

the diffusivity of ions in hydrated soft tissue (i.e., articular cartilage and lumbar annulus 

fibrosus).  Under zero fluid flow condition, the linear relationship between electrical 

conductivity and ion diffusivity provides a simple way to calculate diffusion according to 

the results of conductivity tests in soft tissue samples. The electrical conductivity of ion 

in human articular cartilage was first reported by Maroudas.[68]  Afterwards, Hasegawa 

used a four-wire method which became a standard setup (Figure 2.6). The four-wire 

method uses two current sensing electrodes inserted in the center of larger two source 

supplying stainless steel electrodes. The sensing electrodes measures the voltage drop 

across the tissue resulting. From the voltage drop or resistance, conductivity is directly 

calculated. Gu’s group started to employ this method to study the conductivity in IVD 

tissue [69, 70] and built the mathematical model of ion diffusivity and conductivity, they 

also extended the study to successfully obtain the anisotropic ion diffusivity in bovine 

IVD tissue by testing the samples in three orthogonal orientations.[71]  Sadleir improved 

the method to acquire 2D anisotropic conductivity and diffusivity with a solo test in a gel 

phantom.[72]  Compressive loading could be easily applied to the specimens in this 

method which allows investigation of the effect of mechanical loading on the ion 

transport in soft tissues.  Kuo et al.  examined the impact of mechanical loading on solute 

transport in porcine temporomandibular joint (TMJ) discs using the electrical 

conductivity method and found that compressive strain impeded solute transport in the 

TMJ disc.[73] 
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Figure 2.6 Schematic of apparatus for measuring electrical conductivity.  
The devise consists of two stainless steel current electrodes, two Ag/AgCl voltage-
sensing electrodes, a nonconductive plexiglass chamber, a current sensing micrometer, 
and a Keithley Sourcemeter.[70] 
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2.5 The Radiotracer Technique 

The radiotracer method is usually a 1D and macroscopic diffusion experiment 

performed by tracking radioactive (i.e., 3H, 14C and 35S) tagged solutes diffusing into the 

specimens.[20]  This method was first presented by Urban who studied the diffusion of 

(35S) sulphate and (3H) methyl glucose into IVD in vivo and in vitro. The tracer 

concentration profile inside the tissue was used to characterize the diffusion properties of 

solutes.[21]  Torzilli developed a radiotracer method measuring the solute diffusion in 

articular cartilage harvested from adult bovine knees.[20]  In this study, the distribution 

of concentration profile was obtained by solving the 1D diffusion equation analytically 

with some certain boundary and initial conditions. The diffusion coefficient was 

calculated by curve-fitting the measurements of tracer concentrations at different 

positions within the specimens and time points using the analytical solution of the 

diffusion equation.  The advantages are that a wide variety of solutes can be tested and 

macroscopic diffusion properties can be investigated.  However, the disadvantages are 

that the spatial and temporal resolution of it is not high and the use of radioactive material 

is required.  

2.6 MRI-based Measurements on Water Diffusion  

The effects of diffusion on the nuclear magnetic resonance (NMR) signal were 

first reported theoretically [74] and experimentally [75] by the physicists in the 1950s. 

Most diffusion NMR studies have begun after Stejskal and Tanner [76] developed the 

bipolar pulse field gradient method to better control the signal measurements and 
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simplify the understanding of the encoding of the diffusion process in the NMR signal. 

The basic principles of diffusion MRI were outlined in the mid-1980s.  Three main MRI-

based diffusion techniques will be briefly reviewed: diffusion-weighted imaging (DWI), 

diffusion tensor imaging (DTI), and diffusional kurtosis imaging (DKI).  

2.6.1 Diffusion-Weighted Imaging (DWI) 

DWI is most applicable when the water movement within the specimens is 

primarily isotropic, such as grey matter in the cerebral cortex and major brain nuclei.  

The water diffusion rate appears to be the same when measured along any orientations in 

these tissues.  In DWI technique, the magnetic field with linear and pulsed gradient is 

used to measure the apparent diffusion coefficient (ADC) which can be mapped as an 

image, using diffusion as the contrast. 

bDDG ee
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                  (2.1) 

Where S0 is the signal intensity without the diffusion weighting, S is the signal 

with the gradient, γ is the gyromagnetic ratio, G is the strength of the gradient pulse, δ is 

the duration of the pulse, Δ is the time between the two pulses, and finally, D is the 

diffusion coefficient.  The most successful clinical application of DWI was in imaging 

the brain following stroke in adults.[77, 78]  The injured areas of brain during a stroke 

was present a “darker” on an ADC map when compared to the normal tissues. (Figure 2.7)  
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Figure 2.7 Regular MR image and DWI images.   
This patient presented with right arm weakness and unsteady gait and was considered 
clinically to have a posterior circulation stroke. The T2 image is normal at 24 hours; 
however, a small lesion is present in the left hemisphere on diffusion-weighted imaging 
(DWI) (arrowhead). This lesion is demonstrated to be acute because it is dark on the 
apparent diffusion coefficient (ADC) map (arrowhead). [78] 
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2.6.2 Diffusion Tensor Imaging (DTI) 

When the researcher measured the water diffusion in the brain tissue with 

complex structure using DWI technique,  they noticed that ADC values varied depending 

on which direction the pulse gradient was applied. This orientation dependent contrast is 

generated by diffusion anisotropy. Therefore, it’s necessary to use a mathematical 

operator, called a diffusion tensor [79], to fully characterize the water diffusion in all 

orientations. 
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The equation (2.1) could be rewritten using diffusion tensor in equation (2.2) (symmetric 

tensor assumed) as below: 
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  (2.3) 

Multiple DWI measurements along the different gradient directions have to be done to 

determine all the components of diffusion tensor and three eigenvalues, λ1, λ2, and λ3, 

could be calculated.  Mean diffusivity (MD) and fractional anisotropy (FA) which can be 

calculated by equation (2.4) and (2.5) are mainly used as imaging contrasts in DTI 

technique.  
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The principal application of DTI is in the imaging of white matter where the 

location, orientation, and anisotropy of the tracts can be detected. Clinically, the DTI 

technique has been widely used to diagnose multiple sclerosis, chronic ischaemia, and 

Alzheimer’s disease and to perform tractography which is a useful tool for measuring 

deficits in white matter, such as in aging. (Figure 2.8)  
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Figure 2.8 MR images of a Multiple Sclerosis (MS) lesion in axial section.   
(a) T2-weighted image in which the lesion appears hyperintense. (b) Post-contrast T1-
weighted scan in which a rim of hyperintensity surrounds the core of the lesion. (c) 
Fractional anisotropy image, in which the intensity of the image is directly proportional 
to the anisotropy. Note the marked loss of structure/anisotropy within the lesion. (d) 
Mean diffusivity image. The lesion exhibits high signal intensity suggesting little 
hindrance of diffusion due to breakdown of tissue structure.[78] 

(a) (b) 

(c) (d) 
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2.6.3 Diffusional Kurtosis Imaging (DKI) 

In 2005, Jensen et al. first reported Diffusional Kurtosis Imaging (DKI) technique 

based on DWI.[80]  Instead of using Gaussian possibility distribution function (PDF) of 

the movements of water molecules in DWI, The basic principle of DKI technique was to 

use non-Gaussian PDF and the equation below to curve fit the experimental data to obtain 

apparent diffusivity Dapp and apparent kurtosis Kapp. 

                (2.6) 

They mentioned both Dapp and Kapp could be used as image contrast to map the tissue 

microstructure, but Kapp may be more sensitive to the anisotropic microstructure.  

DKI is a diffusion-weighted MRI technique that allows the diffusional kurtosis to 

be estimated with clinical scanners using standard diffusion-weighted pulse sequences 

and relatively modest acquisition times. DKI is an extension of the widely used DTI 

method, but requires the use of at least 3 b-values and 15 diffusion directions. It is 

reported that the diffusional kurtosis is sensitive to diffusive heterogeneity (Figure 2.9) 

and suggested that DKI may be useful for investigating ischemic stroke and Alzheimer’s 

disease.[81, 82] 
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Figure 2.9 DKI diffusion metric maps for a single axial slice together with a T2-
weighted (b=0) image from one normal subject.  
The diffusion-weighted data were acquired at 3T with b-values of 0, 1000, and 2000 
s/mm2. The maps for kurtoses provide additional information that quantify diffusional 
non-Gaussianity. The calibration bars for the diffusivities are in units of µm2/ms, while 
those for the FA and kurtoses are dimensionless.[80] 
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CHAPTER 3 FRAP TECHNIQUES AND APPLICATIONS FOR SOLUTE 
DIFFUSION MEASUREMENTS 

3.1 Measurement Techniques for 2D Solute diffusion by FRAP 

The diffusion properties of fluorescently labeled solutes can be assessed using a 

specific type of photobleaching technique called fluorescence recovery after 

photobleaching (FRAP).  In this technique, fluorescent molecules in a small region of the 

samples are irreversibly photobleached using a high intensity laser beam shortly and 

subsequent movement of surrounding nonbleached fluorescent molecules into the 

photobleached area is recorded at low laser power. (Figure 1.1)  The series images are 

analyzed to determine the molecular mobility parameters, for example, the mobile 

fraction, Mf ,which is the fraction of fluorescent solutes that can diffuse into the bleached 

region during the time course of the experiment, and the diffusion coefficient, D, which is 

a measure of the rate of solute movement in the absence of flow or active transport.[59]   

3.1.1 Factors Affecting the FRAP Analyses 

Since Axelrod et al. first proposed FRAP technique in 1976, [13] thousands of 

publications related the FRPA techniques and applications have been reported in various 

biological research fields. Most FRAP analyses start from solving the diffusion equations 

and then either analytical or numerical solutions will be used to calculate diffusion 

parameters. Many factors could affect the analyses of FRAP data, including: 

1) The solute diffusion domain could affect the selection of forms of diffusion equations 

between 2D (e.g., the protein diffusion in cell membrane) and 3D (e.g., the molecular 

diffusion in the intracellular matrix). 
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2) The bleaching geometries (e.g., circular spot with Gaussian or uniform intensity 

profile, lines, [83] stripes, and elliptical spot [84]) could bring in the different initial 

and boundary conditions to the diffusion equations.  

3) The diffusion in the samples with few structures, such as the grey matter in the brain, 

could be considered as isotropic diffusion, on the other hand, the complex and 

organized structures in the samples (e.g., intervertebral disc with well-organized fiber 

structure) will results in the anisotropic solute diffusion.[85] 

4) The instrumentation setup also could affect the FRAP data analyses. The different 

mathematical analysis methods have been reported because of the development of the 

hardware of microscopes ranging from the traditional fluorescent microscope to the 

confocal [86] and multiphoton [12] scanning laser microscope.  

The approaches for solving diffusion equations in FRAP analysis are generally 

divided into two categories: the first approach is the classic Axelrod method which will 

be reviewed in this section, and the second approach based on Fourier transform will be 

introduced in the section 3.2.  FRAP techniques for 3D diffusion measurements will be 

continually discussed in the chapter 6. 

3.1.2 The Conventional FRAP Analysis  

From late the 1970s through the mid-1980s, the basic and conventional FRAP 

analysis was well established by researchers.[13, 87-92]  The first systemic FRAP 

technique paper was published by Axelrod et al. in Dr. Webb’s lab at Cornell University 

in 1976.[13]  They used a conventional fluorescent non-scanning microscope with a 

stationary laser beam and large cone of out-of-focus light bleaching the molecules above 



 

38 
 

and below the focal plane so that the fluorescence recovery could be assumed as a pure 

2D diffusion in an infinite plane. They also assumed there is no diffusion in or out of the 

bleached area during bleaching. The shape of bleached spot was a circle and both 

Gaussian and uniform fluorescence bleaching intensity profiles were considered in their 

work. The axial symmetric diffusive transport is governed by Fick's second law in 2D, 

the partial differential equation becomes: 

),(/),( 2 trCDttrC      (3.1) 

where r is the spatial coordinate of the imaging system, t is the time, and D is the 

diffusion coefficient. The fluorescence recovery with Gaussian bleaching profile can be 

described by the fractional fluorescence recovery curve f(t) : 
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where κ is the bleach constant, D  is the characteristic diffusion time that is related to the 

diffusion coefficient in equation (3.3), ω is defined as half the width of the Gaussian 

intensity profile of the laser spot determined at e-2 times the height of the profile. The 

mobile fraction, Mf, is defined by equation (3.4) to characterize the partial fluorescence 

recovery after photobleaching due to the immobilized molecules. 
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where )(F  is the fluorescence intensity of the bleached spot at the equilibrium status, 

)0(F  is the intensity of the bleached spot just after bleaching and )(F  is the intensity 

before the photobleaching. D and Mf could be determined by curve-fitting the 

fluorescence recovery data.  

3.1.3 The Improvements to FRAP Technique 

In Axelrod’s original theory of "spot" FRAP, the membrane was assumed to be 

approximated by an infinite 2D plane. A number of studies have extended the 

applicability of FRAP measurements by treating specific geometric corrections to this 

planar geometry and the assumption of infinite source.  

Koppel, for example, proposed a new multipoint FRAP analysis.[93]  The 

fluorescence recovery was monitored by a focused laser beam sequentially positioned at 

each of several locations in and adjacent to the bleached area. The additional spatial 

information thus obtained provided a sensitivity to systematic flow and a direct mean of 

distance calibration.  

 The development of curve-fitting model 

Yguerabide et al.[90] developed a method for precise analysis of FRAP data 

based on the Gaussian bleaching profile and zero membrane flow.  This method used a 

linear fit to reciprocal function  )()(/)()( tFFFtR   to calculate the recovery time 

constant 21   and also detect flow or multiple diffusion coefficients. Von Zoelen et al. 

[92] continued Yguerabide’s study to report a linearization procedure that permits 

unequivocal determination of all diffusion parameters and the validation was done by 

simulating recovery curves and other conditions on a regular mini-computer.  
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Soumpasis[91] derived an exact closed formula for the fluorescence recovery 

curve measured in FRAP experiments employing uniform circular laser beams. This new 

expression was simple and free of mathematical drawbacks, thus facilitating the 

quantitative analysis of FRAP data. Lopez et al.[94] developed a numerical method based 

on the scheme of finite differentiate in combination with statistical analysis of the data to 

calculate diffusion coefficients, which can be used for any conditions of illumination, 

beam profile, and relative dimensions of bleached and diffusion areas.  

 Lateral diffusion on the curved biological surfaces 

Wolf et al. [95] studied the effect of surface microvilli on measurements of lateral 

diffusion by FRAP and found only slight differences in diffusion in the two regions 

which are the villated main body and unvillated budding polar body of unfertilized mouse 

eggs.  Ten years after that, Wolf [96] reported another study about the FRAP 

measurements of isotropic diffusion on cylindrical surface with Gaussian laser beam 

illumination. A mathematical theory was proposed in this study to describe a general 

analytical solution which is a function of the ratio of the cylindrical radius (r) to the 

Gaussian laser beam width ω.(Figure 3.1)  Numerical analysis of this solution 

demonstrated that there are significant deviations when the values of r/ ω vary.  

Sbalzarini et al.[97] presented a computational method for the simulation of isotropic and 

anisotropic diffusion on curved biological surfaces that have been reconstructed from the 

endoplasmic reticulum (ER) in live cells. (Figure 3.2)  This method could process 

surfaces of high curvature and complex shape, which are often encountered in biology.  
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The simulation results indicated that the specific shape of the membrane affects the 

molecular diffusion properties. 
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Figure 3.1 Schematic diagram of laser beam and cell.  
It shows, in cross section in the x-y plane, bleaching of a cylindrical surface of radius r, 
which lies along the z-axis with a Gaussian Laser beam of e-2 radius ω along the x-
axis.[96] 
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Figure 3.2 Visualization of an endoplasmic reticula (ER) piece with overhanging regions.   
The visualization is done in the computer from the reconstructed ER membrane 
surface.[97] 
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 Analysis of nonsimple diffusion by FRAP: Multicomponent and anomalous 

diffusion 

 Solute diffusion is described as “normal” or “simple” in a homogeneous medium. 

Periasamy and Verkman [98] described the nonsimple diffusion which was usually found 

in many environments and situations as anomalous diffusion and diffusion of two or 

more diffusing species.  

The possibility of two distinct diffusing components was considered in Gordon et 

al.’s study. They developed the approach of fitting FRAP curves by the full series 

solution using a Marquardt algorithm. Their method was validated by simulation program 

and experiments on artificial liposomes and fibroblast membranes. They showed the 

feasibility to analyzing one-component diffusion and extracting two-component 

diffusional parameters from biological membranes.  

In anomalous diffusion system, the diffusion coefficient is not constant, but is 

time and/or space-dependent. This kind of diffusion has been observed for a variety of 

lipids and proteins in the plasma membranes of a variety of cells. Saxton used a Monte 

Carlo simulation to study the anomalous diffusion caused by the presence of moderate 

concentrations of obstacles.[99]  He also investigated the FRAP experiments with 

anomalous diffusion and recommended the simplest approximate treatment of anomalous 

diffusion usually gave favorable results.[100]  

Periasamy and Verkman [98] included the analyses of both multi-diffusing 

component and anomalous diffusion in their study. They introduced the idea that FRAP 

data can be resolved in terms of a continuous distribution of diffusion coefficients α(D) 
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and also proposed an independent method to analyze FRAP data for anomalous diffusive 

processes in terms of time-dependent diffusion coefficients D(t). Their results indicated 

that determination of α(D) and D(t) from photobleaching data provides a systematic 

approach to identify and quantify simple and anomalous diffusive phenomena. 

 Fluorescence imaging of continuous point photobleaching (FICOPP) 

In order to determine the anisotropic solute diffusivity in avascular cartilaginous 

tissues, Leddy et al. [85] presented a novel fluorescence imaging of continuous point 

photobleaching technique with a theoretical model and experimental protocol. Significant 

anisotropy was observed in highly ordered cartilaginous tissues such as ligament tissue 

(Figure 3.3) and they found higher rates of diffusion are along the primary orientation of 

collagen fibers. The absolute value of diffusivity was not reported in this study, thus the 

mathematical theory may need to be further developed to determine the components of 

anisotropic diffusion tensor.  
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Figure 3.3 Images of photobleaching spots from agarose and ligament after 170 s of 
bleaching.   
Fiber direction in ligament is vertical. The point photobleaching image of agarose shows 
the isotropic diffusion (left picture) and anisotropic diffusion (right picture) is found in 
the bleaching image of ligament.[85] 
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3.2 2D FRAP Techniques with Spatial Fourier Analysis (SFA) 

FRAP is a widely used technique for measuring surface diffusion of solutes in 

biological membranes. The most common setup of FRAP instrumentation, so-called 

"spot" FRAP, makes use of the Gaussian laser beam. In his original development of the 

theory of "spot" FRAP, Axelrod assumed that the membrane could be approximated by 

an infinite two-dimensional plane. Diffusion equations were solved spatially with some 

strict boundary and initial conditions. Based on the solutions in spatial domain, the 

fluorescent intensity recovery curves were used to calculate the half time which was 

related to the diffusivity. Another approach based on Fourier transforms will also be 

reviewed in this section, since it is becoming increasingly important in FRAP analysis 

and is less stringent concerning the experimental conditions. This method can determine 

the anisotropic solute diffusion and has potential to be developed as 3D FRAP technique. 

(Chapter 6) 

3.2.1 Periodic Pattern Photobleaching 

SFA-based FRAP analysis was first proposed by Smith et al. [101] in 1979, but  

one year before that, they published another paper [62] about periodic pattern 

photobleaching, which probably initiated the idea of using Fourier transform in FRAP 

analysis.  

The periodic pattern photobleaching was generated by directing a laser beam 

through a Ronchi ruling into the microscope. (Figure 3.4) The initial conditions after 

photobleaching are: 
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 axFaxEaxBAxC 5sin3sinsin)0,(   (3.5) 

The parameters A, B, E …etc. are determined by the concentration of the probe prior to 

the bleaching burst of light, the duration and intensity of the bleaching burst, and the 

contrast and resolution of the stripe image in the sample. The parameter a  is the spatial 

frequency of the pattern and is equal to 2π/P in which P is the period of the pattern. They 

simplified the diffusion in 1D and solved the diffusion equation spatially. 

axFeaxEeaxBeAtxC tDatDatDa 5sin3sinsin),(
222 259            (3.6) 

The diffusion coefficient D can be then be calculated from the measured time constant of 

the amplitude of the pattern decays, 

2/1 aD  .     (3.7) 

They used this method to successfully measure the lateral diffusion of a fluorescent 

phospholipid probe in oriented multibilayers of dimyristoylphosphatidylcholine as well 

as the motion of fluorescent antibodies to murine EL-4 tumor cells.[62] 
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Figure 3.4 FRAP image with periodic pattern photobleaching generated by a laser beam 
through a Ronchi ruling into the microscope.  The period of the striped pattern was 
13µm.[62]  
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Figure 3.5 FRAP image taken 7 seconds after the 2D pattern of squares was bleached 
onto the cell surfaces.[101] 
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3.2.2 The Fundamental Studies of FRAP Analysis with SFA 

 Smith et al. first developed FRAP technique to determine the anisotropic 

diffusion using a 2D Fourier analysis in 1979.[101]  Tsay and Jacobson further completed 

the systematic study of this FRAP technique.[15, 63]  Jain’s group [16] compared the 

SFA-based FRAP with the conventional FRAP analysis and demonstrated the advantage 

of the SFA for obtaining an accurate measure of the local diffusion coefficient in 

microscopic samples that are thick and scatter light.  They also detected the simultaneous 

convection and anisotropic diffusion.  Based on their outstanding studies, the foundation 

of FRAP analysis with SFA has been established in the early 1990s.   

Smith et al. [101] extended the photobleaching to the 2D periodic pattern 

according to their previous study.[62]  Instead of using the parallel stripes in only one 

direction, they started to setup the bleaching stripes in two perpendicular directions with 

square symmetry.(Figure 3.5)  Fourier image analysis is an easy way to extract diffusivity 

from the FRAP data because of the simplicity of the solution to the transformed diffusion 

equation and the manner in which the periodic pattern is reflected as frequency in the 

Fourier transform.  Diffusional anisotropic transport is described by Fick's second law; in 

two dimensions, the partial differential equation becomes:  
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Fourier transform is performed on (3.9) to obtain the diffusion equation in frequency 

domain as: 
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~
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    (3.10) 

where vu, are the coordinates and ),,(
~

tvuC is the solute concentration function in the 

frequency domain. Equation (3.10) has a simple solution which is: 
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The diffusivities in the different orientations could be calculated by curve-fitting Fourier 

amplitude decay data with equation (3.12) in the specific vu, frequency. Smith et al. 

found the anisotropy ratio of the diffusivities ranged from a factor of 2 to nearly a factor 

of 10 on the surface of fibroblast due to the stress fibers. The diffusion along the stress 

fiber orientation was faster than the diffusion perpendicularly to the fiber orientation.  

Tsay and Jacobson [63] further developed the SFA-based FRAP analysis and 

examined the effects of different parameters (e.g., size of bleaching spot, timing of the 

recovery process, and image noise) in this method. They concluded that this method does 

not require a specific initial condition (e.g., the shape of bleaching pattern) created by 
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laser photobleaching. The feasibility of Fourier analysis to obtain the diffusion coefficient 

from a video FRAP measurement was fully demonstrated by using computer-simulated 

and experimental data. They also pointed out the high signal to noise ratio (SNR) is 

essential for successful FRAP analysis. 

3.2.3 The Recent Improvements of FRAP Techniques with SFA  

Wirth [102] evaluated Fourier transform as a means of improving precision in the 

analysis of FRAP data by using simulated experiments.  

Travascio and Gu [6, 14, 17, 103] made many contributions to the improvement 

of FRAP method with SFA. They mainly applied FRAP technique to detect the 

anisotropic diffusive transport in annulus fibrosus (AF) with well-organized fiber 

structures. Several mathematical methods have been adopted in their studies to determine 

the full components of the diffusion tensor. 

First of all, they used the integral of multiple diffusivities in the frequency domain 

to the mean diffusivity which was related to the trace of the diffusion tensor. [14] 
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In equation (3.13), the angle   is defined by the wave vector specified by u  and v , 

)(D is the diffusivity in each vu,  frequency, and avD is the mean diffusivity. From three 

independent FRAP tests performed in the three orthogonal planes of the samples, they 

extracted the three principal components of the 3D anisotropic solute diffusion tensor in 

AF tissues. The diffusion properties were correlated to the anisotropic fiber structure of 

AF tissue. (Figure 3.6) The components of the diffusion tensor only can be acquired 
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when testing one sample in three planes using this method, which will increase the 

amount of work.   

Next, they added one more integral of the diffusivities in frequency domain (3.14) 

and combined SFA with Karhunnen-Loeve transform (KLT) which could detect the 

orientation of the diffusion tensor to completely determine the 2D anisotropic diffusion 

tensor. [17]  
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Using numerically simulated FRAP images, the accuracy of this method was investigated 

for different sizes of bleached spots and for different “frequency rings”.  The effect of 

noise level on the data analysis was also investigated.  The method was also validated 

using real FRAP experiments on bovine AF as well as meniscus and human AF tissues.[6]  

The major limitation of this method is the lack of robustness to deal with the imaging 

noise which is unavoidable in real experiments. 

Furthermore, Travascio and Gu [103] considered the effects of both diffusion and 

binding on the mobility of solutes in biological tissues. The solution of the diffusion-

reaction equations was obtained in the Fourier space and the components of the diffusion 

tensor (i.e., xxD , yyD , and xyD ) were calculated by curve-fitting the experimental values 

of )(D  with the equation (3.15).  In contrast, this new method was solely based on 

Fourier analysis avoiding the limitations imposed by the use of KLT in FRAP 

experiments. 
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 22 sinsincos2cos)( yyxyxx DDDD    (3.15) 

Based on Travascio’s studies, Shi and Yao [7] proposed the third integral (3.16) 

of the diffusivities in frequency domain and utilized three integrals to fully calculate all 

the components of 2D diffusion tensor.  







xyyyxxyyxx DDDDD

dDD
2

2
)(

4

4

0

1

4
,0













 



       (3.16) 

The accuracy and robustness of this method was validated by using computer-simulated 

FRAP experiments.   The new method was applied to determine the 2D diffusion tensor 

of 4kDa FITC-dextran in the TMJ discs.  It was determined that the diffusion of this 

solute in TMJ discs was inhomogeneous and anisotropic.  This method was also solely 

based on the SFA to completely determine the anisotropic diffusion tensor. 
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Figure 3.6 Scanning electron microscopy images of anterior axial section of AF.   
 
(a) Microtubules are shown; (b) Magnification of a microtubule in picture (a).[14] 
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3.3 Applications of FRAP in Biological Research 

FRAP has received increasing attention ever since it was first introduced into cell 

biological research.  The method was developed in the 1970s, when its biological 

application mainly focused on the mobility of fluorescently labeled constituents in the 

cell membranes.  The development of confocal or multiphoton laser scanning microscopy 

extended accurate investigation of the behavior of molecules in the inside of cells, (e.g., 

intracellular space and nucleus) moreover, researchers also applied it to diffusion 

measurements of extracellular matrix at a larger scale level, such as the solute diffusion 

in the human brain or tumor tissues and nutrient solutes diffusion through the ECM of 

cartilaginous tissues.  Figure 3.7 shows the statistics of FRAP applications in the different 

biological research areas according to 145 FRAP related scientific articles.  In this section, 

the diverse applications of FRAP in different areas will be summarized to further 

understand the meaning of FRAP techniques.  
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Figure 3.7 The statistics of FRAP applications in the different biological research areas. 
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3.3.1 Lateral Diffusion of Solutes in Cell Membranes 

 Protein diffusion in real cell membranes 

The most common application of FRAP study is in the cell membranes.  Jacobson 

et al. [87] monitored the lateral mobility of plant lectin-receptor complexes on the surface 

of human embryo fibroblasts and found over 75% of those complexes are mobile and 

with a diffusion coefficient in the range of 2×10-3 to 2×10-2 µm2/s.  They [104] also used 

FRAP technique to measure the lateral mobility of Concanavalin A (Con A) in the 

different types of cell surfaces. They reported a considerable fraction of the Con A 

molecules bound to the cell surface that were immobilized, with a lower diffusivity when 

compared to  the plant lectin-receptor complexes.[87]  Schlessinger et al. [105] presented 

a major cell surface glycoprotein (CSP) bindings to the cell surface in a fibrillar pattern 

and is immobile.  They concluded that immobile fibrils of CSP on a cell’s surface are 

suitable for binding it to the substratum and to other cells; however, they do not impede 

the lateral diffusion of various kinds of membrane components. (e.g., lipid probe and 

surface antigen)  The lateral mobility of band 3 which is a transport protein in the human 

erythrocyte membrane was studied by Golan and Veatch.[106]  They demonstrated the 

strong but distinct dependencies of band 3 diffusion coefficient and fractional recovery 

on ionic strength and temperature. Sheetz et al. [107] reported the glycoprotein 

diffusivity increased about 50 times in mouse spherocytic erythrocytes probably due to 

the lack of the major components which could be found in the normal erythrocyte 

membrane matrix.  
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 Solute diffusion in artificial phospholipid multibilayers 

Besides the diffusion studies on the real cell membranes, many researchers have 

been working on the determination of diffusion properties in artificial phospholipid 

multibilayers [108-113] which could be a suitable model of the cell membrane. Wu et al. 

[114] applied FRAP technique to detect the diffusion rates of two fluorescent lipid 

analogues (i.e., NBD-PE and diO-C18(3))  in phospholipid multibilayers. They found 

cholesterol reduced diffusivity for NBD-PE in these multibilayers by a factor of 2 as well 

as abolished the gel-to-liquid-crystalline transition temperature. Gaub et al. [110] 

reported the lateral diffusion coefficient in butadiene-lipid bilayers decreased by a factor 

of 4 upon polymerization. FRAP was used with planar lipid bilayers as a model 

membrane system to examine how nisin might interact with the surface of bacterial cells 

by Giffard et al. [115] and they demonstrated nisin associates with planar lipid bilayers 

inhibited the lateral diffusion of lipid probe and reduced the capacitance of the bilayer. 

Guo et al. [116] considered that molecular diffusion in biological membranes is a 

determining factor in cell signaling and cell function.  They compared the different 

fluorescence spectroscopy techniques and concluded the FRAP can determine absolute 

diffusion coefficients in lipid bilayers at high concentrations.  

3.3.2 Studying Protein Dynamics in Living Cells 

 Molecular diffusion in the intracellular space 

The two-dimensional movement of proteins in biological membranes has been 

demonstrated to be a central feature of many membrane-mediated events. However, the 

application of FRAP to the study of intracellular membrane proteins has been hampered 
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by the lack of specific probes and their physical inaccessibility in the cytoplasm.[117]  In 

the 1980s, Hochman et al. [118] began to use FRAP to measure the lateral mobility of 

cytochrome c on the membrane of giant mitochondria and reported a diffusion coefficient 

of  1.6×10-2  µm2/s. Rhodamine-labeled actin (rh-actin) were microinjected in living 

embryonic chicken gizzard cells and associated with its characteristic cytoskeletal 

structures by Kreis et al.[119]  They found the diffusion properties of rh-actin exhibited a 

region-dependency.  Salmon et al. [120] measured the diffusion rate of fluorescein-

labeled tubulin in the cytoplasm of embryonic cells of a sea urchin using FRAP method. 

The results of their studies indicated that the viscosity of sea urchin cytoplasm for protein 

is about eight times that of water and most of the tubulin of the sea urchin cytoplasm 

exists as a dimer or small oligomer, which is mobile and unbound to structures.  

In late 1990s and early 2000s, the popularity of FRAP technique in living cells 

increased when non-invasive fluorescent tagging became possible with the green 

fluorescent protein (GFP) and confocal laser scanning microscope which was 

commercially developed. There are several excellent review papers presenting the 

applications and future directions of diffusion studies by FRAP.[3, 59, 64, 121, 122]  

Storrie et al. [117] described a FRAP analysis of the intracellular mobility of organellar 

proteins using confocal microscopy. They showed that, in contrast to the plasma 

membrane, the temperature-sensitive vesicular stomatitis viral membrane glycoprotein 

(ts-O45-G) is highly mobile in intracellular membranes. Seksek et al. [123] used FRAP 

to quantify the translational diffusion of microinjected FITC-dextran in the cytoplasm of 

MDCK epithelial cells and Swiss 3T3 fibroblasts. They mentioned their results of the 
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independence of diffusivities on FITC-dextran size (4-2000kDa) did not support the 

concept of solute “sieving” (size-dependent diffusion) in cytoplasm. MP-FRAP technique 

was adopted to map the diffusion rate of the small heat shock protein sHSP27 throughout 

the cytoplasm.[124]  Figure 3.8 shows at least two diffusive transport rates within a living 

cell potentially corresponding to the large and small oligomers of sHSP27.  



 

63 
 

 

Figure 3.8 Intracellular diffusion map of EGFP-sHsp27 in an L929 cell.   
A grid sampling protocol (right inset) was used to generate a diffusion map. The map 
reveals localizations of fast and slow rates of transport. Independent MP-FRAP 
measurements were used to generate the map.[124] 
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 Translational diffusion of solutes in the cell nucleus 

The measurements of solute diffusion in the cell nucleus by FRAP methods are 

relatively difficult because they only take place in very tiny regions.[60]  Therefore, 

people started to investigate the protein mobility in the suspension of nuclei. Nandi and 

Wahl [125] incubated fluorescent-labeled clathrin with isolated mouse liver nuclei and 

measured the mobility of clathrin solutes by FRAP. They found that 78% clathrin was 

immobilized on the nuclear surface and concluded that this immobile fraction might 

correspond to aggregates of molecules. Phair and Misteli [126] published their 

outstanding study about the mobility properties of protein in the nucleus of living 

mammalian cells using photobleaching techniques.(Figure 3.9)  They found that proteins 

involved in diverse nuclear processes (e.g., transcription and splicing) move rapidly 

throughout the entire nucleus and rapidly associate and dissociate with nuclear 

compartments. Their observations have conceptual implications for understanding 

nuclear architecture and how nuclear processes are organized in vivo.  
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Figure 3.9 FRAP images and curves of nuclear compartments.   
Cells expressing GFP-SF2/ASF (a) or GFP-fibrillarin (b) were imaged before and during 
recovery after bleaching of a splicing factor compartment (a) or an entire nucleolus (b). 
Reassociation of both proteins with their respective nuclear compartments was rapid. 
Scale bar, 5µm. (c) Kinetics of recovery after bleaching of nuclear compartments. 
Recovery of GFP-SF2/ASF was complete after 32 s, recovery of GFP-fibrillarin reached 
a plateau after 60 s. Inhibition of transcription by either α-amanitin or actinomycin D 
accelerated the reassociation of GFP-SF2/ASF as well as reassociation of GFP-
fibrillarin.[126] 
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3.3.3 Diffusion in the ECM 

 Diffusive transport in the brain extracellular space 

Nicholson and Tao [1, 32, 65, 66, 127, 128] developed an integrative optical 

imaging (IOI) system which is a variant of FRAP technique to analyze the diffusion of 

the fluorescent solutes in brain extracellular microenvironment.  This technique has been 

introduced in section 2.3.4 and is designed for the in vivo diffusion measurement.  They 

used a micropipette to inject the fluorescent dye in the hydrogel or the mouse brain and 

observed the spread of the fluorescent dye at the different time points, and then analyzed 

the concentration profile to calculate the diffusivity.  They found that the brain 

extracellular space may have local constrictions that hinder the diffusion of molecules 

above a critical size that lies in the range of many neurotrophic compounds.[65]  They 

also concluded diffusion is essential to many therapies that deliver drugs to the brain and 

the diffusion-generated concentration distributions of well-chosen molecules also reveal 

the structure of brain tissue. This structure is represented by the volume fraction (void 

space) and the tortuosity (hindrance to diffusion imposed by local boundaries or local 

viscosity). Analysis of these parameters also reveals how the local geometry of the brain 

changes with time or under pathological conditions.[1] 

 Measurement of macromolecular diffusion coefficients in the tumors 

FRAP technique was used by Jain’s group to detect the immobilization of 

fluorescently labeled ligand caused by binding to receptors in xenograft tumor 

tissues.[129]  They presented that not only is receptor density likely to vary depending on 

the microenvironment, but the presentation and accessibility of receptors may also be 
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modulated by effects on cell metabolism or by indirect effects of the extracellular matrix. 

Their in vivo method revealed binding parameters relevant to tissue function such as the 

accessible receptor concentration, effective binding affinity, and the interstitial diffusion 

rate, and may be particularly useful for studies of physiology or drug delivery.  The 

diffusive transport of macromolecules in tumors is an important determinant of the 

delivery of many anticancer therapeutics. Brown et al. [130] measured the diffusion 

coefficients of bovine serum albumin (BSA) and immunoglobulin M (IgM) in human 

tumor biopsies using FRAP.  Their results showed the diffusion coefficients of BSA and 

IgM are higher in human tumor samples than in colon adenocarcinnoma xenografts.  

These data have important implications for the modeling of the distribution of large 

therapeutics in human colon adenocarcinoma.  For the first time, the quantitative 

prediction of diffusive transport properties of these macromolecules in human tumors is 

possible. Stylianopoulos et al. [131] considered spatial alignment of matrix components 

within the tissue can affect diffusion patterns of drugs.  They developed a methodology 

for the determination of diffusion properties of macromolecules and nanoparticles in 

collagenous tissues.  They utilized a mathematical model and simulation experiments to 

find the overall diffusion coefficient is not affected by the orientation of the fiber network.  

However, structural anisotropy results in diffusion anisotropy, which becomes more 

significant with increase in the degree of alignment, the size of the diffusing particle, and 

the fiber volume fraction.  The results of diffusion measurements in tumor xenografts 

showed for the first time in tumors that the structure and orientation of collagen fibers in 

the extracellular space leads to diffusion anisotropy. 
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 Applications of FRAP in the cartilage tissues 

Diffusive transport of nutrient solutes is crucial to the normal function of cartilage 

tissues, while poor nutritional supply is believed to be one of mechanisms for the tissue 

degeneration. Therefore, many researchers [5, 14, 17, 132, 133] have applied FRAP 

techniques to measure the diffusivities of various solutes in the cartilage tissues for 

understanding the pathways of nutritional supply into soft tissues.  Leddy and Guilak [5] 

used FRAP to measure site-specific diffusion coefficients of fluorescent dextran 

molecules in porcine articular cartilage and found an inverse size dependence of diffusion 

coefficients.  The diffusion rates also varied significantly with depth of tissue, indicating 

variations in the structure and composition of collagen, proteoglycans, and other 

macromolecules among the regions. (Figure 3.10)  Fetter et al. [132] compared the 

diffusion coefficients of 70 KDa dextran in human ankle and knee cartilage but no 

differences in diffusivity were observed.  

Travascio et al. [6, 14, 17, 103] developed a series of novel FRAP techniques to 

study the anisotropic solute diffusion properties in the intervertebral disc (IVD) tissues. 

They concluded that, in both anterior and posterior regions of bovine AF, the diffusion 

coefficient in the radial direction was found to be the lowest, and circumferential and 

axial diffusion coefficient were not significantly different.[14]  Diffusivities in human AF 

were also inhomogeneous anisotropic, with higher values in the axial direction than in the 

radial direction.[6]  They demonstrated that a relationship exists between anisotropic, 

inhomogeneous diffusion and the structure and composition of the human AF tissue.  
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Shi et al. [7] studied the solute diffusion in porcine temporomandibular joint 

(TMJ) disc and found  the ratio of the two principal diffusivities ranged between 0.45 and 

0.51 (1.0 = isotropic). Their results indicated that the solute diffusion in TMJ discs is 

inhomogenous and anisotropic. These findings suggested that diffusive transport in the 

TMJ disc is dependent on tissue composition (e.g., water content) and structure (e.g., 

collagen fiber orientation). 
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Figure 3.10 The setup for a FRAP experiment in cartilage tissues.   
The cartilage specimen is placed on its side such that surface, middle, and deep zones are 
visible through the microscope. The confocal microscope allows the focal plane to be at a 
depth in the tissue away from the cut face. The lower panels show the photobleaching and 
recovery process on a cartilage sample. The smaller dark spots are viable chondrocytes 
that exclude the fluorescent dye. [5] 
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3.4 FRAP Techniques for 3D Diffusion Measurements 

Most 2D FRAP methods and applications for use with convention fluorescence 

microscopes have already been reviewed in the previous sections. Since the FRAP 

applications have been extended from simple and thin cell membranes to the complex 

intracellular matrix and nuclei as well as the development of confocal and multiphoton 

laser scanning microscopy, the mathematical models and data analysis of 3D FRAP have 

become more important in recent years. Several research studies on 3D FRAP analyses 

will be reviewed in this section. 

3.4.1 The Importance of 3D Analysis in FRAP Techniques 

In traditional FRAP models, they describe the relation between the diffusion into 

a 2D bleached region and the fluorescence recovery as observed by the conventional 

fluorescence microscope. Currently, however, bleaching experiments can be easily 

implemented on confocal/multiphoton laser scanning microscopes (CLSMs or MP-LSMs) 

as they are often equipped with the feature to bleach arbitrary regions in the sample. 

When the bleaching geometry is defined in the software, the microscope scans the laser 

beam over the sample pixel-by-pixel and line-by-line, while modulating the beam 

intensity according to the designed pattern. New FRAP analyses are necessary to be 

studied for new applications and instrumentation setup. The importances of 3D analysis 

in FRAP techniques are summarized as below: 

1) The protein mobility and activity studies have been developed from cell 

membranes to the intracellular matrix (e.g., cytoplasm and cytoskeleton) and nuclei with 

complex structures. The common thickness of the cell membrane is about 3~5nm and the 
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size of bleached spot in FRAP experiments is usually several micrometers, thus the 2D 

infinite planar model could be satisfied in membrane diffusion studies, however, this is 

not the case when the solute diffusion takes place in the cytoplasm[123] or nuclei.[134]  

The 3D diffusion models should be more appropriate to describe the protein dynamics in 

this situation. 

2) Beside the development to the tiny scale, the FRAP techniques also have been 

utilized to investigate the solute diffusion in the large size tissues, such as the mobility of 

molecules in interstitial spaces of tumor or brain tissues [130] and extracellular matrix of 

cartilage tissues.[85]  3D anisotropic diffusion predominates in these kinds of tissue and 

new mathematical models are needed to be established. 

3) The bleaching profile of FRAP experiments performed on the conventional 

fluorescent microscope with single-photon absorption is shown in Figure 3.11(c,d).  The 

fluorescent molecules are bleached through the whole z-axis, therefore the main 

fluorescence recovery only happens in x-y plane, which allows to assume a 2D diffusion. 

In the recent multiphoton-based bleaching experiments, due to the non-linear optical 

phenomenon, only the fluorophore within the focal spot is bleached and the bleaching 

profile yields a sharp and well-defined 3D geometry. [Figure 3.11 (a,b)]  The diffusion in 

the z direction has to be considered in this configuration. The confocal microscope also 

can bring in the different bleaching profile when compared to the traditional fluorescent 

microscope and the scanning feature requires a new theory for the initial or boundary 

conditions. 
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Figure 3.11 Spatial selectivity of two-photon-absorption-induced fluorescence 
photobleaching.  
(a,b) A thick fluorescent gel layer was employed as the specimen. The microscope was 
focused several micrometers below the upper surface of the gel layer and a rectangular 
area irradiated at 30mW beam power. The total scanned area was then imaged at a largely 
reduced, nonbleaching beam power in both x-y plane (a) and the x-z plane (b). It can be 
recognized that photobleaching yielded an area sharply bounded in both the x-y and x-z 
planes. (c,d) For comparison the same experiment was performed with single-photon 
absorption using the 488-nm argon line. In this case a blurred cone is photobleached 
extending through the whole sample.[135] 
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3.4.2 3D FRAP using Confocal Laser Scanning Microscopy (CLSM) 

The development of CLSMs provided biological researchers with an excellent 

standard tool to perform FRAP experiments. Currently, most commercially available 

CLSMs are equipped with acoustic-optic tunable filters (AOTF) that allow bleaching 

arbitrary regions in the sample.  During bleaching, the microscope directs a moving 

excitation laser beam to the sample.  The bleach region is thus scanned point by point and 

line by line, increasing the incident laser intensity inside the pattern defined. Due to 

bleaching and monitoring of fluorescence recovery, some assumptions of the models 

developed for nonscanning microscopes do not hold. To this end, new theories have to be 

developed for the FRAP technique with CLSMs, and the process must be completed in a 

totally different way. 

A practical 3D model was first devised for use with objective lenses of low 

numerical aperture (NA) by Blonk et al. [11]  They denoted the fluorescent concentration 

at any post-bleaching time t, at radial position r, and axial location z, by ),,( tzrc  then the 

3D diffusion equation (3.17) in cylindrical coordinate system becomes: 
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where 0c  is the uniform per-bleaching fluorescent concentration and α denotes the first-

order photobleaching rate constant. The laser beam profile ),( zrI  is Gaussian in the axial 

z-direction as well as the radial r-direction and ω and z0 is the e-2 radii of the laser beam 

in the radial and axial directions respectively. They solved the equation (3.17) and 

solution is: 
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The 3D fluorescence recovery time function based on the concentration function 

(3.20) was rather complicated, thus Blonk et al. had some reasonable assumptions to 

simplify it, such as z0 is much greater than ω due to the low NA objective and 3D 

equation above reduced to their 2D counterparts. A series of line-scanning, x-t image, 

crossing the bleached spot was recorded for the fluorescence recovery. The diffusion of 

45-nm latex spheres, FITC molecules and a 2.45nm protein-FITC complex in water-

glycerol mixtures measured by this method was in close agreement with the theoretical 

values calculated by Stokes-Einstein equation.[11] 

 Line-FRAP with CLSM 

Blonk et al. first mentioned the use of line-scanning model to get the fluorescence 

recovery images, but the bleached spot was still a circle in their studies. Wedekind et al. 

[83] further developed a FRAP technique, referred to as line-scanning microphotolysis 

(LINSCAMP) for the measurement of molecular transport at a high spatial and temporal 

resolution. Both bleaching and recording areas in their study were only a single line. 
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(Figure 3.12 and Figure 3.13) They derived the 2D mathematical model for line-FRAP 

data analysis by using equation (3.21) ~ (3.23). 
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Kubitscheck et al. [136] extended the illumination geometry and models to 3D for Line-

FRAP technique by using equation (3.24)~(3.26). 
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In Wedekind and Kubitscheck’s studies, they all used numerical integration to 

simulate the fluorescent concentration distribution with several pre-defined parameters, 

the simulation results then were combined with microscope point spread function to 

generate a single time-dependent fluorescence recovery signal. The simulated recovery 

curve was compared with the experimental data obtained from line-scanning confocal 

images and the best estimation of parameters was acquired by many iterations and 

minimizing the function of the experimental and simulated data. (Figure 3.14) 
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Figure 3.12 Measurements of lateral diffusion by line-scanning FRAP.   
Six segments of 0.55µm length were chosen along a line for photobleaching. The 
experiment yielded an image with the x position and time as coordinates and with the 
origin at the left upper corner. [83] 
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Figure 3.13 The fluorescence recovery curves.   
The experiment shown in Figure 3.12 was evaluated by plotting the averaged intensities 
of the bleached segments vs. time after bleaching. This yielded the fluorescence recovery 
curves a-f. The diffusion coefficient D and the mobile fraction fmob were indicated in the 
figure. [83] 
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Figure 3.14 The flow chart of line-FRAP technique proposed by Wedekind. [83, 136] 
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Wedekind et al. [83] validated the line-FRAP model by measuring the 

diffusivities of b-phycoerythrin and FITC-dextrans of various average molecular weights 

in a glycerol/water mixtures. They also reported the first application of line-FRAP to the 

diffusion of a fluorescently labeled tracer inside the cell nucleus, which showed the 

potential of this method for the transport study of complex biological systems. The high 

spatial and temporal resolution is the most important advantage of line-FRAP technique 

with CLSM, however, the recovery signal is only from very tiny line area, this technique 

has the disadvantage of being less accurate due to a lower signal to noise ratio.[137]  

Braeckmans et al. [137] presented a truly quantitative FRAP model for use with 

the CLSM based on the photobleaching of a long line segment. (Figure 3.15 and Figure 

3.16)  They derived the initial condition of concentration function from 3D spatial 

domain, but reduced it to 1D, as shown in equation (3.27), using low NA and long line 

bleaching assumptions.  The solution of concentration function in line-FRAP experiment 

is shown in equation (3.28).  
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Figure 3.15 x-t image is shown of a line-FRAP experiment on a fluorescent solution.   
The FRAP curve is extracted from the x-t image by defining a main ROI (white rectangle) 
and a background ROI (black rectangle). [137] 
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Figure 3.16 The final recovery curve (black data points) is shown and the solid gray line 
shows the best fit of the line-FRAP model to the experimental recovery curve. [137] 
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This method was validated by testing the diffusivities of R-phycoerythrin and 

FITC-dextrans of various molecular weights in solutions of different viscosities.  They 

also applied this method to intracellular diffusion measurements of free GFP diffusion in 

living A549 cells and found a diffusivity of 26±3 µm2/s in the cytoplasm and 29±5 µm2/s 

in the nucleus, in good agreement with what other have reported.  They concluded that 

the line-FRAP model offers a straightforward and fast way to measure diffusion 

coefficients and mobile fractions on a microscopic scale in 3-D samples with high spatial 

resolution.  Because the bleaching of a line can be easily accomplished by commercial 

CLSMs, it can be applied by anyone familiar with the CLSM instrument.  

Leddy et al. [138] modified the line-FRAP technique based on Kubitscheck’s 

study [136] and applied it to quantify the diffusivities of FITC-dextrans within a 

pericellular matrix (PCM) of porcine articular cartilage.  They found the diffusion 

coefficients of FITC-dextrans were significantly lower in the PCM than in the ECM of 

healthy articular cartilage probably due to difference in proteoglycan content, however, 

this difference was not detected in early-stage arthritic tissue. 

 Disk-FRAP with CLSM 

Braeckmans et al. [23] used CLSM as a handy tool to perform FRAP 

measurements with a 3D disk-shaped bleaching geometry which was generated by the 

scanning laser beam of a CLSM.(Figure 3.17)  The general mathematical basis was 

outlined describing the bleaching process for an arbitrary geometry bleached by a 

scanning beam, and the final analytical solution was derived with the assumptions of a 

disk-shaped geometry and low NA objective that described 3D fluorescence recovery 
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curve in the bleached area as observed by the CLSM. They concluded that 3D fluorescent 

recovery function for a disk bleached by a scanning beam reduced to the simpler 2D 

formula for a uniform disk bleached by a stationary beam.  

The disk-FRAP model has the advantages of not requiring extensive mathematical 

or programming skills because the mathematical expressions are straightforward and can 

easily be programmed in a standard fitting routine and the detecting the solute diffusion 

in relative large areas with very high signal to noise ratio. However, the limitations are 

that the size of bleached regions cannot be too small, it should be more than 4× the 

resolution of the bleaching PSF to avoid boundary effects and the detection speed cannot 

be high because of the large scanning area. 

Braga et al. [139] started to push the limit of disk-FRAP technique to the tiny 

bleaching regions for  intracellular solute diffusion measurements in 3D and took into 

account diffusion of highly mobile molecules during the bleaching phase. The method 

was validated by determining the diffusion coefficients of fluorescence dextrans and 

green fluorescent protein in aqueous solution and in the nucleus of living HeLa cells. 

Diffusion coefficients were lower in the nucleoplasm, particularly for higher molecular 

weight dextrans. This was most likely caused by a sterical hindrance effect imposed by 

nuclear components. Decreasing the temperature from 37 to 22°C reduced the dextran 

diffusion rates by ~30% in aqueous solution but has little effect on mobility in the 

nucleoplasm. This suggested that spatial constraints to diffusion of dextrans inside the 

nucleus were insensitive to temperature.  
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Seifferts and Oppermann [140] simplified the line-FRAP and disk-FRAP models 

to 1D or 2D mathematical models (3.29) by introducing the parameter d for the diffusion 

dimension and used equation (3.30) to curve-fit the fluorescent intensity profile in the 

image at each time point to estimate two parameters, 2)(tw  and )(tA .  Using equation 

(3.31) to curve-fit 2)(tw  data can yield diffusion coefficient and curve-fit )(tA  data can 

determine the dimensionality of the diffusion process. 
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They found an interesting, smart and facile pathway to combine line-FRAP and disk-

FRAP together in one model and applied it to FRPA experiments on solutions of 

Rhodamine B in glycerol and aqueous suspensions of polymethyl methacrylate (PMMA) 

microspheres. The method also has the potential to analyze and quantify diffusion 

processes in anisotropic media. 
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Figure 3.17 Experimental images and curves of disk-FRAP.   
(a) A FRAP experiment is performed on the FD167 solution with 30% glucose (w/w). An 
image sequence is recorded of 30 images at regular time intervals of 4.5 s. The first 
image shows the sample before bleaching, the so-called pre-bleaching image. (b) A 
dedicated image processing program extracts the recovery curve from the image 
sequence, The experimental data are indicated by solid black circles. A best fit of the 
model (solid line) finally yields the translational diffusion coefficient D, the mobile 
fraction k, and the bleaching parameter K0. [23] 

(a) 

(b) 
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3.4.3 3D FRPA based on Multiphoton Laser Scanning Microscopy (MPLSM) 

Kubitscheck et al. [135] fully introduced the features of fluorescent 

photobleaching induced by multiphoton laser scanning microscope. (MP-FRAP) The 

photobleaching profile (Figure 3.19) showed a true spatial selectivity by restricting 

excitation to very small focal volumes due to the nonlinear optical processes.  

 Studying protein dynamics in living cells 

Brown in Dr. Webb’s lab [12] firstly demonstrated 3D multiphoton fluorescence 

photobleaching recovery (MP-FPR) technique in 1999 with spatial resolution of a few 

microns.  An intense flash of mode-locked laser light pulses excites fluorescent 

molecules via multiphoton excitation in an ellipsoidal focal volume and photobleaches a 

fraction. The bleached region is restricted to a known, 3D defined volume.  Fluorescence 

recovery in this focal volume is measured with multiphoton excitation, using the 

attenuated laser beam due to the surrounding unbleached fluorophores diffuse in. The 

fluorescence recovery curve after photobleaching can be analyzed to determine the 

diffusion coefficient of the fluorescent molecules.  They applied MP-FRAP  to measure 

the diffusion coefficient (8.7×10-7±1.7×10-7cm2s-1 ) of wild-type GFP in aqueous solution, 

which agreed with the value derived from the conventional FRAP experiment. This 

method also demonstrated the ability to quantify the mobility of calcein in the cytoplasm 

of RBL-2H3 cells.  This study could be the first FRAP technique which can be utilized in 

thick tissue samples to determine the 3D diffusive transport of biological solutes within 

the cytoplasm or intracellular spaces. 
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In order to perform a detailed analysis of the dynamics of cytoskeleton proteins in 

a small domain, Waharte et al. [141] developed MP-FRAP and a theoretical framework 

for data analysis.  Fast dynamics of proteins in the microvilli of the brush border of 

epithelial intestinal cells can be measured on the millisecond timescale in volumes 

smaller than 1 µm3.  The diffusion properties of myosin 1a and actin were quantified to 

be different and unrelated and the dynamics of myosin 1a in microvilli reflected its motor 

activity. 

 The diffusion measurements by MP-FRAP in the extracellular matrix 

Stroh et al. [142] used MP-FRAP technique to quantify the dynamic behavior of 

nerve growth factor (NGF) in coronal, 400 µm thick, fresh rat brain tissue slices. They 

microinjected the fluorescent labeled NGF as a point source in the coronal slices and then 

monitored the dispersion of fluorescent dye using multiphoton microscope inside the 

tissue. The experimental data were analyzed by a two-step curve-fitting procedure to 

estimate the solute diffusivity. The results showed the diffusivity of NFG within rat 

coronal tissue is 2.14× lower than the diffusivity in the water, indicating the diffusion of 

NFG is hindered by the extracellular matrix. 

Schnell et al. [143] validated Brown’s 3D MP-FRAP model by measuring 

diffusion of macromolecules (150 KDa and 2 MDa FITC-dextran) in solution and gels, as 

well as in the extracellular matrix in multicellular spheroids and tumor tissue in dorsal 

chambers. They found the diffusion coefficients (Figure 3.18) decreased with increasing 

complexity of the sample matrix and increasing the amount of collagen in the gels. The 

diffusion coefficient was reduced for all the systems compared to values in solution. 
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Diffusion of 150-kDa dextrans was reduced 20 to 60% in spheroids and gels, and more 

than 70% in tumor tissue. The diffusion of 2-MDa dextrans was slower than the case of 

150-kDa dextrans, and the diffusion coefficient was reduced 40 to 90% in spheroids and 

gels compared with solution. 
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Figure 3.18 The diffusion coefficients of 150 KDa (black columns) and 2 MDa (gray 
columns) dextrans in solution, collagen gels, gelatin gels, multicellular spheroids, and 
tumor tissues.   
The diffusion coefficient decreased as the complexity of the system and collagen 
concentration increased. The diffusion coefficient was reduced for all the systems 
compared to values in solution. Diffusion of 150-kDa dextrans was reduced 20 to 60% in 
spheroids and gels, and more than 70% in tumor tissue. The diffusion of 2-MDa dextrans 
was slower than the case of 150-kDa dextrans, and the diffusion coefficient was reduced 
40 to 90% in spheroids and gels compared with solution. [143]  
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 The comparison of bleaching profile between one-photon and two-photon 

excitation 

Mazza et al. [144] mentioned when diffusion in 3D environment is considered in 

FRAP experiments, the description of the initial condition produced by the laser beam 

represented a crucial aspect. Therefore, they measured and compared the experimental 

3D bleaching distributions (Figure 3.19) obtained in confocal and two-photon excitation 

schemes and analyzed the deviations from the ideal cases adopted in FRAP experiments. 

They also obtained the approximations for the one-photon and two-photon bleaching 

profile function (3.32) and (3.33). 
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where )0,0()/(1 blbph IyvkK   and )0,0()/( 2
22 blphph IyvkK   is the bleaching 

parameter. They evidenced the inability of the approximation to describe the bleach 

distribution produced by conventional one-photon illumination and used finite-element 

computation to show that this can lead to considerable underestimation in the evaluation 

of diffusion coefficients. However, the same approximation provided more accurate 

results for bleaching profiles obtained in two-photon excitation, both at low and high 

illumination power. 
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Figure 3.19 Exemplary 3D one-photon bleaching pattern obtained by confocal 
microscope [(a)-(d)] and two-photon bleaching pattern obtained by multiphoton 
microscope [(e)-(h)]. [144] 
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 A novel fluorescence recovery after photoactivation (FRAPa) technique 

Mazza et al. [145] presented a new convenient method for quantitative three-

dimensionally resolved diffusion measurements based on the photobleaching (FRAP) or 

photoactivation (FRAPa) of a disk-shaped area by the scanning laser beam of a 

multiphoton microscope. The method was compatible with low as well as high numerical 

aperture objective lenses, allowing them to perform quantitative diffusion measurements 

in 3D extended samples as well as in very small volumes, such as cell nuclei. 

Furthermore, by photobleaching/photoactivating a large area, diffusion along the optical 

axis can be measured separately, which was potential to study anisotropic diffusion. They 

showed the mathematical model of FRAP and FRAPa technique based on multiphoton 

excitation and validated the methods using FITC-dextran in glycerol/water mixtures and 

photoactivatable green fluorescent protein (PA-GFP) in sucrose solutions. (Figure 3.18) 

They finally applied the method to PA-GFP diffusing freely in the nucleus of living NIH-

3T3 mouse embryo fibroblasts. (Figure 3.21)  The comparison between FRPA and 

FRAPa was reported in their paper and they mentioned FRAPa experiments are attractive 

since generally less laser energy is necessary for photoactivation compared to 

photobleaching, which could benefit them to shorten the photoperturbation and reduce 

the chance of photodamage effects in living cells.  
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Figure 3.20 Two-photon FRAP and FRAPa images and curves.  
(a) An example is shown of a two-photon disk-FRAP experiment on FD500 in an 85% 
(w/w) glycerol solution. (b) Custom image processing software is used to extract the 
normalized recovery curve from the images. The diffusion coefficient D, the mobile 
fraction k, and the bleaching parameter K0n are calculated from a best fit of the model to 
the recovery data (solid line). (c and d) A corresponding two-photon FRAPa experiment 
is shown on PA-GFP in a 51% (w/w) sucrose solution. [145] 

(a) (b) 

(c) (d) 
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Figure 3.21 Two-photon FRAPa experiment on PA-GFP diffusing in the nucleus of a 
mouse embryo fibroblast.   
(a,b) The first image shows the sample before photoactivation in the selected region (2.5 
mm in radius). The subsequent images show the fluorescence redistribution after 
photoactivation of the selected region. The scale bar in (a) is 5 µm. (c) The redistribution 
curve is the average of seven experiments in different cells to obtain a smoother curve. 
The diffusion coefficient was obtained of (19±4) µm2/s. [145] 
 
 

 

(a) (b) 

(c) 
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CHAPTER 4 ANISOTROPIC SOLUTE DIFFUSION TENSOR IN PORCINE TMJ 
DISC MEASURED BY 2D FRAP 

4.1 Introduction 

The temporomandibular joint (TMJ) is a synovial, bilateral joint with unique 

morphology and function.[146]  The TMJ disc, a fibrocartilaginous tissue, is a major 

component of jaw function by providing stress distribution and lubrication in the 

joint.[147, 148]  Disc derangement (e.g., dislocation of the disc) is a common clinical 

finding in patients with TMJ disorders (affecting more than 35 million Americans with an 

annual health care cost of $4 billion).[149, 150]  It has been suggested that degenerative 

processes predispose the disc to displacement and result in significant changes in disc 

morphology, biochemistry, function, and material properties.[151, 152]  

The TMJ disc has a distinctive extracellular matrix (ECM) composition when 

compared to hyaline cartilage and other fibrocartilaginous tissues [e.g., the intervertebral 

disc (IVD)].  The TMJ disc is comprised primarily of water with a significant amount of 

collagen (mainly type I) and a very small amount of proteoglycan.[153-157]  The TMJ 

disc is a large avascular structure with human discs being wider mediolaterally than 

anteroposteriorly (approximately 1913 mm).[158]  The nutrients required by disc cells 

for maintaining healthy matrix are supplied by synovial fluid at the margins of the disc, 

as well as from nearby blood vessels at the posterior bilaminar zone connection.[159]  

Diffusive transport of nutrient solutes through the ECM plays a key role in maintaining 

the normal function of TMJ discs while the dysfunctional transport of those solutes is 

believed to contribute to the degeneration of the disc over time.  Solute diffusivities in 

articular cartilage and IVD have been measured using a variety of techniques, including 
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magnetic resonance imaging (MRI), [33, 34] tracking the net movement of radiolabeled 

solutes, [35, 160] and fluorescence [36] or radiotracer desorption.[37, 38]  However, to 

our knowledge the solute diffusivities in the TMJ disc have not been determined.  

Moreover, differences in biochemical composition and structure distinguish the disc into 

three regions: the anterior band, intermediate zone, and posterior band.[158]  Collagen 

fibers in the anterior and posterior bands run primarily in the mediolateral direction, 

while in the intermediate zone these fibers run predominately in an anteroposterior 

direction.[161]  Studies have shown that the mechanical properties of the TMJ disc are 

region-dependent and anisotropic.[159, 162]  Therefore, it is reasonable to hypothesize 

that the solute diffusion in the TMJ disc is inhomogeneous and anisotropic.  The 

objective of this study was to determine the region-dependent anisotropic diffusion tensor 

in TMJ discs using a new fluorescence recovery after photobleaching (FRAP) technique 

coupled with spatial Fourier analysis (SFA). 

FRAP is a versatile and widely used tool for the determination of local diffusion 

properties within solutions, tissues, cells, and membranes.[10]  Due to the high spatial 

resolution, FRAP offers the possibility to microscopically examine a specific region of a 

sample.  For instance, the site-specific (i.e., inhomogeneous) solute diffusion in articular 

cartilage has been previously studied using FRAP.[5, 132]  The basic principle of FRAP 

is based on photobleaching the fluorescence of molecular probes and analyzing the 

recovery of the bleached area.[13, 87, 163]  To date, most FRAP analyses are based on 

the method proposed by Axelrod et al. for isotropic diffusion.[13]  Another approach for 

FRAP analysis is based on the spatial Fourier analysis of the recovery images and has the 
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advantage of potential detection of anisotropic diffusion.[14-16, 63, 101, 164, 165]  Tsay 

and Jacobson, using SFA of FRAP images, developed a method for the determination of 

a two-dimensional (2D) diffusion tensor along the fixed coordinate system.[15]  Most 

recently, Travascio et al. reported a method for calculating an anisotropic diffusion tensor 

based on two independent analyses of FRAP images: the Fourier transform (FT) and the 

Karhunen-Loeve transform (KLT).[17]  The KLT analysis of FRAP images could 

determine the principal direction of the diffusion tensor.  By combining the FT and KLT 

analyses, all components of the anisotropic diffusion tensor can be solved for in a single 

FRAP experiment.  This method has been used to characterize anisotropic diffusion in 

knee meniscus and intervertebral disc tissues.[6, 17]  In this chapter, we proposed a new 

method solely based on the SFA to completely determine the anisotropic diffusion tensor, 

avoiding all of the limitations imposed by KLT analysis. 

We first discussed the theoretical basis of this new analysis.  Next, we applied this 

analysis to computer simulated anisotropic FRAP experiments to validate the method, as 

well as made a comparison to the method proposed by Travascio et al. in terms of 

accuracy and robustness.  And finally, we applied this analysis to characterize anisotropic 

solute diffusion in different regions of the TMJ disc by using the new FRAP technique. 

4.2 Theory 

Diffusional transport is governed by Fick's second law and in two dimensions, the 

partial differential equation has been shown in equation (3.8), where (x, y) are the spatial 

coordinates of the imaging system and t is the time.  The function ),,( tyxC  represents 

the spatial concentration distribution of solutes in the x-y plane and D  is the diffusion 
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tensor which is assumed symmetric.  Within the small observation field of FRAP 

experiments, it is assumed that the diffusion tensor (D) is independent of position and 

time.  Therefore, equation (3.8) could be rewritten as:[101]  
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         (4.1) 

where Dxx, Dxy, and Dyy are components of diffusion coefficient tensor (D) in the (x,y) 

coordinate system. 

Given that  








 dxdyetyxCtvuC vyuxi )(2),,(),,(
~   is the Fourier transform of 

),,( tyxC , with an arbitrary initial condition and a boundary condition that ),,( tyxC is a 

constant as (x, y)  ±∞, equation (4.1) can be solved by using 2D SFA in the frequency 

domain:[14-17, 101]  
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)0,,(
~

),,(
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                           (4.2) 

where )0,,(
~

vuC  is the initial solute concentration and ),( vuD  represents the diffusion 

coefficient in Fourier space (with frequencies u and v) and is defined as: 

22

22 2
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DvuvDDu
vuD yyxyxx


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                                  (4.3) 

The function ),( vuD  can be determined by curve fitting the light intensity of a time 

series of fluorescence recovery images (in the Fourier space) to equation (4.2). 

The average of ),( vuD  over the arc of a circumference (Integral curve L: 

222 avu  , a is an arbitrary constant, see Figure 4.1) over an angle range from  to  

can be given as: 
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The auxiliary variable   is a function of the frequencies u and v:[14, 15, 17]  

)(  ),/(tan 1    uv                                     (4.5) 

Based on equation (4.4), the average of ),( vuD  over the arc from 0 to  can be related to 

the components of the diffusion tensor D as:[14, 17]  
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Similarly, the average of ),( vuD  over the arc from 0 to 2  can be calculated as:[17]  
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The average of ),( vuD  over the arc from 0 to 
4


 can be calculated as:  
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According to equations (4.6), (4.7) and (4.8), all components of the diffusion 

tensor (i.e., xxD , yyD  and xyD ) can be obtained and expressed as the functions of
4

,0
D , 

2
,0
D and ,0D : 
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Using all components of the diffusion tensor two principal diffusivities (eigenvalues) of 

the 2D diffusion tensor can be calculated by: 
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where Eig_MinD  is the relatively smaller of the two eigenvalues and Eig_MaxD  is the 

relatively larger one.  The ratio of Eig_MinD  to Eig_MaxD  can be used to represent the 

anisotropy of the diffusion. 
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Figure 4.1 Diffusion coefficient ),( vuD  in frequency domain (u,v).   
The averages of ),( vuD  over the arcs from 0 to  , 0 to  /2 and 0 to  /4 can be used to 

determine the components ( xxD , yyD  and xyD ) of the diffusion tensor.  On the ‘Ring4’:  
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4.3 Materials and Methods 

4.3.1 Computer Simulation of Anisotropic FRAP Experiment 

The 2D anisotropic diffusion process of the fluorescent molecule recovery after 

photobleaching was simulated using finite element analysis software (COMSOL 

Multiphysics 3.4, COMSOL Inc., Burlington, MA).  At the boundaries of the sample (i.e., 

simulation domain, 4×4mm2), the concentration of the fluorescent molecules satisfied the 

constancy assumption (C=C*).  Initially, the concentration distribution of fluorescent 

molecules was assumed to be uniform (C=C*) outside the photobleached spot and zero 

within the photobleached area.  The diameter of the bleached area was set to 26.71μm 

according to the optimum value of 8 for the ratio of the imaging frame size (213.68m) 

to the initial diameter of the bleached spot as suggested by Travascio and Gu.[17]  The 

mesh used in the simulation experiments included 8,784 quadratic Lagrange triangular 

elements.  The convergence criterion for the solution was the relative error tolerance of 

less than 0.001.  The simulation was stopped when the concentration in the bleached spot 

reached 95% of C*.  For data analysis purposes, an image sequence containing 101 

frames (0.6s/frame) representing the FRAP experiment was extracted from the central 

region of the simulation domain and digitalized to 128pixels×128pixels [Figure 4.2(a)].  

The frame size was set to 213.68×213.68m2, which was used in the following TMJ disc 

FRAP experiment.  
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Figure 4.2 The schematic of simulation FRAP experiments and rotation angle.  
(a) The computational domain with the initial and boundary conditions for FRAP 
simulation experiments.  (b) The orientation of pre-defined anisotropic diffusion tensor 
generated using various rotation angles.  θ is the rotation angle from the principal 
diffusion tensor coordinate (X0, Y0) to the observed diffusion tensor coordinate (X, Y).  
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Three groups of anisotropic diffusion were investigated in the simulation 

experiments and there were seven pre-defined diffusion tensors in each group.  In the first 

group, a base diffusion tensor of sm /
150

010 2







0D  was selected and rotated at seven 

different angles 6~0, ii  ( 6~0 =0, π/8, π/6, π/4, π/3, 3π/8, and π/2) using a rotation 

matrix iR defined as: 








 


ii

ii
i 


cossin

sincos
R                                                  (4.11) 

The seven pre-defined diffusion tensors, see Figure 4.2(b), were calculated by: 

)6~0(      0  ii
T

ii RDRD                                  (4.12) 

In the second and third group, the base diffusion tensors were sm /
200

010 2







0D  and 

sm /
300

010 2







0D , respectively.  The computer simulations of these three groups 

allowed investigation into the effects of anisotropy and orientation of the diffusion 

tensors on the accuracy of the new SFA based FRAP data analysis.  

To study the effect of experimental noise on this anisotropic FRAP data analysis 

photon noise was added to the ideal simulated FRAP images.  Although photon noise has 

a Poisson distribution, for large photon fluxes (e.g., during FRAP experiments) Gaussian 

noise represents a close approximation of Poisson noise.[166]  Similarly to previous 

studies,[15, 17, 165] different magnitudes of Gaussian noise were added to the purely 

simulated recovery images to estimate how image noise affected the analysis.  The 
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magnitude of the Gaussian noise was characterized by its standard deviation, .  Two 

magnitudes of spatial Gaussian noise (i.e.,  = 5 and 10) were generated by ImageJ 

software (Version 1.39f, by Wayne Rasband, National Institutes of Health, USA) and 

were then superimposed onto the simulated recovery images.  For each level of  

investigated, ten FRAP experiments were simulated. 

4.3.2 FRAP Experiment on Porcine TMJ Disc 

Nine fresh porcine TMJ discs from five young adult pigs (~8-10 months) were 

used for testing.  Razor blades were used to prepare tissue slices from the intermediate, 

posterior, anterior, lateral, and medial regions of the discs (Figure 4.3).  One tissue slice 

(about 44mm2) was obtained from each region.  The final specimens with ~650μm 

thickness were obtained from each tissue slice using a microtome (SM24000, Leica 

Microsystems GmbH, Wetzlar, Germany) with a freezing stage (Model BFS-30, 

Physitemp, Clifton, NJ).  The tissue slice was microtomed on both inferior and superior 

surfaces to remove the natural concave shape of the tissue to maintain a flat cartilage 

surface for the FRAP experiment.  Diffusion tensors for FITC-dextran molecules with a 

molecular weight of 4kDa (FD4, λex 490 nm; λem 520 nm, Sigma-Aldrich®, St. Louis, MO, 

USA) were measured with FRAP in the horizontal X-Y plane in Figure 4.3 (parallel to 

the surface of the TMJ disc).  Correspondingly, the three components (i.e., Dxx, Dyy and 

Dxy) and two principal diffusivities ( Eig_MinD  and Eig_MaxD ) of the anisotropic diffusion 

tensor were obtained from the FRAP experiment. 

Specimens were immersed in FITC-Dextran solution (0.1mM) for 48 hours 

(tissue swelling was not significant), to allow the concentration distribution of fluorescent 
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solutes to reach equilibrium throughout the tissue.  The FRAP experiment was performed 

on a Leica TCS-SP2 Confocal Microscope System (Leica Microsystems, Inc., Exton, PA) 

at room temperature (22ºC).  The specimen was photobleached using an Ar-488nm laser 

to create a circular bleached spot with a diameter about 27μm.  A Multi-Layer Bleaching 

(MLB) protocol was used to ensure a 2D fluorescent recovery in the X-Y plane by 

minimizing the diffusion in the Z-direction along the thickness of the specimen.[14]  The 

depth of the bleaching spot was about 70μm from the surface into the specimen and 

fluorescence recovery was observed on the focal plan at 7μm beneath the surface of the 

specimen.  A HC PlanAPO 20×/0.7NA dry objective (Leica Microsystems, Inc., Exton, 

PA) was used to collect fluorescent recovery images of 128 ×128 pixels (213.68 

×213.68μm2).  For each experiment, 100 frames of recovery images, plus 5 images prior 

to bleaching, were acquired at a rate of 0.6s per frame.  To minimize the contribution of 

the fluorescence emission of the background, pre-bleaching images were averaged and 

then subtracted from the post-bleaching image series.  
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Figure 4.3 The schematic of FRAP experiments on porcine TMJ discs.   
Tissue specimens were prepared from the anterior, posterior, intermediate, lateral, and 
medial regions of the discs.  The diffusion tensor of 4kDa FITC-Dextran was measured 
with FRAP in the horizontal X-Y plane (parallel to the surface of the TMJ disc). 
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4.3.3 Images and Data Processing 

For both computer simulated and experimental FRAP tests, the image processing 

was completed using custom written codes in MATLAB (MATLAB 7.0, The 

MathWorks Inc., Natick, MA).  Based on equation (4.2), the code performed a two-

dimensional Fourier Transform and nonlinear curve-fit to yield solutions for ),( vuD , 

which was the diffusion coefficient in the frequency domain.  Based on Equation (5), 

averaging ( , )D u v  on ‘Ring 4’ over different angle ranges generated ,0D , 
2

,0
D  and 

4
,0
D .  

The selection of Ring 4 was suggested by previous studies,[17] and the frequency couples 

(u,v) for Ring 4 are shown in Figure 4.1.  Using equation (4.11), the code calculated all 

components of the diffusion tensor: xxD , yyD  and xyD .  Finally, the calculation of the 

principal diffusivities, Eig_MinD  and Eig_MaxD , were completed according to equation (4.12).  

The average values, as well as the ratio of the two principal diffusivities for each 

specimen were determined. 

4.3.4 Statistical Analysis 

An independent t-test was performed on the principal diffusivities, Eig_MinD  and 

Eig_MaxD , to examine the anisotropy of solute diffusion in each disc region.  One-way 

ANOVA and Tukey’s post hoc tests were performed on the average diffusivities to 

examine the regional effect on the diffusion rate in porcine TMJ discs.  This effect was 

also examined through the ratio of the principal diffusivities.  SPSS 16.0 software (SPSS 
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Inc., Chicago, IL) was used for all statistical analysis and significant differences were 

reported at p-values < 0.05. 

4.4 Results 

4.4.1 Validation Using Computer Simulated FRAP Experiments 

2D anisotropic FRAP experiments were simulated by using pre-defined 

components of the anisotropic diffusion tensor.  Numerically simulated FRAP digital 

images were transformed into the frequency domain using SFA.  The principal 

diffusivities of the anisotropic diffusion process were calculated based on our proposed 

method.  The accuracy of the new method was assessed by the relative error (ε) which is 

defined as:[17] 

Pre-defined Value - Calculated Value
100(%)

Pre-defined Value
            (4.13) 

The effects of anisotropic ratio (D0xx/D0yy) and diffusion tensor orientation () on 

the accuracy of the new method were evaluated.  The relative errors (ε) of the two 

principal diffusivities for three different anisotropic ratios (D0xx:D0yy=1:1.5, 1:2.0 and 

1:3.0) with seven diffusion tensor orientations ( = 0~/2) are shown in Figure 4.4.  

Overall, the relative errors of Eig_MinD  were less than 1.5% for all simulated cases [Figure 

4.4(a)], while the relative errors of Eig_MaxD  were less than 1% [Figure 4.4(b)].  This result 

indicated that the accuracy of the new method was not significantly sensitive to D0xx:D0yy 

and    The highest accuracy was achieved when the diffusion tensors were oriented in 

alignment with the axes of the coordinate system (i.e.,  = 0 or /2).  The accuracy 
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slightly decreased when the orientation of the diffusion tensor deviated from the axes of 

the coordinate system.  The accuracy of this method increased when the anisotropic ratio 

(D0xx:D0yy) decreased. 

The effects of imaging noise () on the accuracy of the new method were also 

investigated for the cases of D0xx:D0yy=1:1.5, 1:2.0 and 1:3.0, with  = /4.  The typical 

FRAP images with and without spatial Gaussian noise ( = 0, 5, 10) as well as the 

corresponding curve-fits to determine D(u, v) are shown in Figure 4.5.  The relative 

errors of the two principal diffusivities increased with increasing .  The average relative 

errors were less than 8% at  = 5, while the average values were less than 12.5% at  = 

10 (Figure 4.6).  In this study, the accuracy of the new method was not sensitive to the 

anisotropic ratio. 
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Figure 4.4 Effects of the orientation (θ) and anisotropic ratio (D0xx/D0yy) of the diffusion 
tensor on the relative error (ε) for the determination of (a) Eig_MinD  and (b) Eig_MaxD . 
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(a) 

 

(b) 

Figure 4.5 Effect of the imaging noise on the determination of the D(u, v).  
(a) Typical computer simulated FRAP images without and with spatial Gaussian noise ( 
= 0, 5, 10). (b) Typical curve-fits to determine D(4,4) for the simulated FRAP image 
sequences without and with spatial Gaussian noise ( = 0, 5, 10). 
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Figure 4.6 Effect of the imaging noise on the precision of determined diffusion tensors 
with different anisotropy: (a) The relative error (ε) for Eig_MinD  and (b) the relative error 

(ε) for Eig_MaxD . 
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4.4.2 FRAP Experiments on Porcine TMJ Discs 

The two principal diffusivities of the 2D anisotropic diffusion tensor of 4kDa 

FTIC-Dextran in the five regions of porcine TMJ disc were determined using our new 

method and listed in Table 4.1.  The characteristic diffusivity defined as 

  2/Eig_MaxEig_Min DD   was calculated to represent the average solute diffusion rate in 

each disc region.  The ratio of Eig_MinD  to Eig_MaxD  was also calculated to evaluate the 

anisotropy of solute diffusion in the disc.   

The average characteristic diffusivity across the disc was 26.05±4.32 μm2/s.  

Regional differences in characteristic diffusivity were observed in the anteroposterior and 

mediolateral directions [Figure 4.7(a)].  In the anteroposterior direction, the anterior 

region (30.99±5.93 μm2/s) had significantly higher characteristic diffusivity than the 

intermediate region (20.49±5.38μm2/s, p = 0.0003) and posterior region (20.97±2.46 

μm2/s, p < 0.0001).  In the mediolateral direction, the medial region (26.51±6.30μm2/s) 

and lateral region (26.71±5.50μm2/s) had higher characteristic diffusivities than the 

intermediate region, although this trend was not statistically significant.  

Figure 4.7(b) showed that there was a significant difference between Eig_MinD  and 

Eig_MaxD  in each disc region (p < 0.001).  The ratio of Eig_MinD  to Eig_MaxD  was 

approximately 0.45~0.51 (with 1.0 indicating isotropic) across the disc without 

significant regional differences [Figure 4.7(c)].  These results indicated that the diffusion 

of 4kDa FTIC-Dextran was highly anisotropic in the porcine TMJ disc. 
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Table 4.1 The results (mean±SD) of the diffusion tensor of 4kDa FTIC-Dextran in the 
five regions of porcine TMJ discs.  Eig_MinD  to Eig_MaxD  are the two principal diffusivities 

of the diffusion tensor.    2/Eig_MaxEig_Min DD  is the characteristic diffusivity that 

represents the averaged solute diffusion rate in each disc region.  Eig_MinD / Eig_MaxD  was 

calculated to evaluate the anisotropy of solute diffusion in each disc region.  (* Eig_MaxD  

was significantly larger than Eig_MinD  in each region, p < 0.05). 

 

 Anterior Medial Intermediate Lateral Posterior Average 

Eig_MinD   

(μm2/s) 

18.32±4.18 17.10±4.72 13.57±3.97 15.61±4.28 13.37±4.15 15.75±1.56 

Eig_MaxD  

 (μm2/s) 

43.67±11.39 35.92±8.95 27.40±8.31 37.80±11.95 28.58±5.90 36.35±8.66 

  2/Eig_MaxEig_Min DD 
(μm2/s) 

30.99±5.93 26.51±6.30 20.49±5.38 26.71±5.50 20.97±2.46 26.05±4.32 

Eig_MinD / Eig_MaxD  0.45±0.17* 0.48±0.10* 0.51±0.14* 0.47±0.24* 0.49±0.18* 0.47±0.12 

 



 

117 
 

1 2 3 4 5
0

10

20

30

40

50

60

*

Anterior Medial Intermediate Lateral Posterior

C
ha

ra
ct

er
is

ti
c 

d
if

fu
si

vi
ty

 (
m

2 /s
)

Regions

     (D
Eig_Min

+D
Eig_Max

)/2

*

 
(a) 

1 2 3 4 5
0

10

20

30

40

50

60
  D

Eig_Min

  D
Eig_Max

P
ri

n
ci

p
al

 d
if

fu
si

vi
ty

 (
m

2 /s
)

Regions

MedialAnterior Intermediate Lateral Posterior

*

*
*

*

*

 
(b) 



 

118 
 

 

1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
D

if
fu

si
vi

ty
 r

at
io

Regions

    D
Eig_Min

 / D
Eig_Max

Anterior Medial Intermediate Lateral Posterior

 
(c) 

 
Figure 4.7 The results of statistical analysis of determined diffusion tensors in porcine 
TMJ disc.  
(a) Characteristic diffusivities [ 2/)( Eig_MaxEig_Min DD  ] were significantly region-

dependent (* p < 0.05 compared to Anterior). (b) Significant differences between Eig_MinD  

and Eig_MaxD  were detected in all disc regions (* p < 0.05). (c) The ratio of Eig_MinD  to 

Eig_MaxD  was not region-dependent. 
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4.5 Discussion 

In this study, a new method solely based on the SFA of FRAP images was 

developed to completely determine the anisotropic diffusion tensor in hydrated soft 

tissues.  This method was used to determine the region-dependent anisotropic diffusion 

tensor in porcine TMJ discs.   

The accuracy and robustness of our new method was validated by the computer 

simulated FRAP experiments.  Our method demonstrated several key advantages over the 

previous studies on the SFA based FRAP methods for anisotropic diffusion.  Most of all, 

it makes possible to deal with any orientation of the diffusion tensor ( = 0-/2).  The 

complete diffusion tenor, including both diagonal and off-diagonal components, can be 

determined using this new method. 

Compared to the method recently reported by Travascio et al.,[17] our method is 

more accurate and robust.  In their method, an anisotropic diffusion tensor was 

determined based on two independent analyses of FRAP images: the Fourier transform 

and the Karhunen-Loeve transform.  The KLT analysis of FRAP images can determine 

the orientation of the diffusion tensor and by combining the FT and KLT analyses, 

Travascio’s method can determine all components of the anisotropic diffusion tensor in a 

single FRAP experiment.  In this study, we proposed a method solely based on the SFA 

to completely determine the anisotropic diffusion tensor which avoids all of the 

limitations imposed by KLT analysis.  For example, due to the limitations of the KLT the 

Travascio’s method is not applicable when the orientation of the diffusion tensor 
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coincides with the fixed coordinate system (i.e.,  = 0 or /2).[17]  More importantly, the 

major limitation of their method, as recognized by the authors, is the robustness to deal 

with the imaging noise which is unavoidable in real experiments.  In their simulation 

results the average relative errors reached 40% at  = 10 noise level, while the average 

values reached 20% at  = 5 level.[17]  Under the same noise conditions the average 

relative errors of our method were less than 12.5% at  = 10 level and less than 8% at  = 

5 level.  It is apparent that our new method is more robust against the noise and our 

method only needs one image analysis (i.e., the SFA) resulting in fewer numerical errors 

for the determination of the diffusion tensor.  In our simulation without imaging noise, 

the relative errors of Eig_MinD  were less than 1.5% [Figure 4.4(a)] while under the similar 

conditions, the relative errors reached 14% in simulations performed by Travascio et 

al.[17]  In the above accuracy comparison, it needs to be noted that the sizes of the 

bleaching spot and imaging frame in this study were only about half the values of those 

parameters used in the study by Travascio et al.[17]  This implies that the imaging 

sampling might also affect the precision of the results. 

This study represents the first measurement of solute diffusion in TMJ disc tissues.  

The average diffusivity of 4kDa FITC-Dextran in porcine TMJ discs (26 μm2/s) was 

approximately 16% of the diffusivity in water (162 μm2/s, based on the Stokes-Einstein 

equation with the hydraulic radius of 1.4nm) and was comparable to the diffusivity of the 

similar sized solute (3kDa FITC-Dextran) in porcine articular cartilage (75μm2/s) 

measured by FRAP.[5]  Most recently, Benavides et al. reported that there is a region-

dependency of water diffusion in porcine TMJ disc using diffusion tensor MRI.[167]  In 
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the anteroposterior direction, the mean water diffusivity was higher in the anterior and 

posterior bands compared with the intermediate zone.  In the mediolateral direction, the 

mean water diffusivity was higher in the medial and lateral aspects than in the center.  

Our study of 4kDa FITC-Dextran diffusion showed exactly the same trends.  

The results of this study indicated that the diffusion rates of uncharged dextran 

molecules vary by region in the TMJ disc.  The anterior region had higher characteristic 

diffusivity than the intermediate region and posterior region in the anteroposterior 

direction, while the medial and lateral regions had higher characteristic diffusivities than 

the intermediate region in the mediolateral direction.  Previous studies showed that solute 

diffusivity in cartilaginous tissues depended on tissue water content in a manner that a 

decrease in the solute diffusivity occurs as tissue water content decreased,[14, 17, 132] 

and these findings were also observed in our study.  For the porcine TMJ disc, it has been 

reported that along the anteroposterior axis, the anterior band (74.5±2.9%) had higher 

water content than the intermediate zone (73.7±3.1%) and posterior band (70.1±4.0%), 

while along the mediolateral axis, the medial region (75.3±2.1%) had a higher water 

content than the central (71.3±3.7%) and lateral (71.3±4.1%) regions.[168]  The 

correlation between the diffusivity and tissue water content suggests that the diffusive 

transport in porcine TMJ discs is dependent on tissue composition.  The inhomogeneous 

distribution of tissue components results in region-dependent diffusivity in TMJ disc 

tissues. 

The results of this study also demonstrated that solute diffusive transport in 

porcine TMJ discs is highly anisotropic with the ratio of Eig_MinD  to Eig_MaxD  around 
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0.45~0.51 across the disc.  Studies on meniscus and annulus fibrosus showed that the 

anisotropic solute diffusion in fibrocartilage is due to the orientation of collagen fibers.[6, 

17]  The orientation of the largest principal component ( Eig_MaxD ) of the diffusion tensor 

is parallel to the direction of the bundles of collagen fibers, while the smallest principal 

component ( Eig_MinD ) is perpendicular to the fibers.  Inside the porcine TMJ disc, 

Detamore et al. reported that collagen fibers were well organized and had a ring-like 

structure around the periphery and were oriented anteroposteriorly through the 

intermediate zone.[168]  Our results suggested that the diffusive transport in TMJ disc is 

not only dependent upon tissue composition but also tissue structure, especially collagen 

structure. 

In this study, we measured diffusivities of 4kDa FTIC-Dextran (hydraulic radius 

equivalent to insulin)[5] to examine the region-dependent anisotropic diffusion in porcine 

TMJ discs.  However, it is important to note that the dextran molecules have a linear 

structure that may not duplicate the molecular structure of other physiologically relevant 

molecules in the TMJ disc, which may be more globular in structure.  Pluen et al. have 

shown that flexible macromolecules have greater mobility than similarly sized globular 

molecules in a random fiber matrix.[164]  It is also important to note that the diffusion 

tensor was determined in the horizontal plane in this study.  The diffusion in the vertical 

direction (i.e., superior-inferior direction) could be the main pathway for nutrient 

transport through the TMJ disc.  Therefore, in order to fully understand solute transport in 

the TMJ disc, it is necessary to determine the 3D diffusion tensor in each disc region and 

correlate it to tissue composition and structure. 
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In summary, a new method solely based on the SFA has been developed to 

determine the 2D anisotropic solute diffusion tensor in the fibrous tissues using FRAP.  

The accuracy and robustness of this method was validated using computer simulated 

FRAP experiments.  The new method was applied to determine the 2D diffusion tensor of 

4kDa FITC-Dextran in the porcine TMJ discs.  It was determined that the diffusion of 

this solute in TMJ discs was inhomogeneous and anisotropic.  These findings suggested 

that diffusive transport in TMJ disc is dependent upon tissue composition (e.g., water 

content) and structure (e.g., collagen orientation).  This study provides a new method to 

quantitatively investigate the relationship between transport properties and tissue 

composition and structure.  The obtained transport properties are crucial for future 

development of numerical models studying nutritional supply within the TMJ disc. 
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CHAPTER 5 RELATIONSHIP BETWEEN ANISOTROPIC DIFFUSION 
PROPERTIES AND TISSUE STRUCTURE IN PORCINE TME DISC  

5.1 Introduction 

The temporomandibular joint (TMJ) is a synovial, bilateral joint with unique 

morphology and function.[146]  The TMJ disc has a distinctive extracellular matrix 

(ECM) composition and structure when compared to hyaline cartilage and other 

fibrocartilaginous tissues [e.g., the intervertebral disc (IVD)].  The TMJ disc tissue is 

composed primarily of water with a significant amount of collagen (mainly type I) and a 

very small amount of proteoglycan.[153-157]  The human TMJ disc is a large avascular 

structure being wider mediolaterally than anteroposteriorly (approximately 1913 

mm).[158]  The nutrients required by disc cells for maintaining healthy matrix are 

supplied by synovial fluid at the margins of the disc as well as through nearby blood 

vessels at the connection to the posterior bilaminar zone.[169, 170]  The balance between 

the rate of nutrient transport through the matrix and the rate of consumption by disc cells 

establishes a concentration gradient across the disc.  The concentration levels of essential 

nutrients, such as oxygen and glucose, can profoundly affect TMJ disc cell viability, 

matrix synthesis, and response to inflammatory factors.[171, 172]  This suggests that 

deviation from physiological nutrient levels in the TMJ disc due to the lack of nutrient 

supply may initiate tissue remodeling and matrix degradation.  Although convection due 

to interstitial fluid flow induced by mechanical loading may affect large solute 

transport,[173-175] the transport of small solutes (e.g., ions, oxygen, and glucose) within 

avascular cartilaginous tissues mainly depends on diffusion.[175, 176]  The rate of solute 

diffusion in tissue is governed by solute diffusivities which are affected by the 



 

125 
 

composition and structure of the matrix, as well as mechanical strains on the tissue.  

Many studies have been conducted to determine diffusivities of various solutes in 

articular cartilage and IVD.[177]  However, very few data of solute diffusivities are 

available for the TMJ disc.  Recently, we examined the effect of mechanical loading on 

small ion diffusivity in TMJ discs using the electrical conductivity method.  The results 

indicated that compressive strain significantly impeded solute transport in the TMJ 

disc.[73]  Furthermore, the solute diffusivities in porcine TMJ disc were also measured 

by using a fluorescence recovery after photobleaching (FRAP) technique.[7]  The results 

showed that the tissue matrix significantly hindered solute diffusion and the solute 

diffusivities were anisotropic (i.e., orientation dependent) and inhomogeneous (i.e., 

region dependent).[7]  A recent diffusion tensor imaging (DTI) study also showed the 

anisotropic and region-dependent behavior of water diffusion in porcine TMJ discs.[167] 

The unique transport behavior in the TMJ disc tissue may be attributed to the 

complex tissue composition and structure (i.e., tissue morphology) of the disc.  

Differences in biochemical composition and structure distinguish the disc into three 

regions: the anterior band, intermediate zone, and posterior band.[158]  Collagen fibers in 

the posterior band run primarily in the mediolateral direction and in the intermediate zone 

align predominately in an anteroposterior direction, while mixed fiber orientations have 

been found mainly in the anterior band.  Knowledge of transport properties for small 

nutrient molecules (e.g., oxygen and glucose) and their relationship with tissue 

morphology is important for elucidating the mechanism and pathways of nutrient 

transport in the TMJ disc and better understanding the etiology of TMJ disc degeneration.  
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While several studies have been published about the effect of tissue morphology on 

anisotropic diffusion in articular cartilage,[5] ligament,[85] knee meniscus,[17] and 

IVD,[17] little is known regarding the relationship between solute diffusion properties 

and tissue structure of the TMJ disc.  

Therefore, the objective of this study was to investigate the relationship between 

solute diffusion properties and tissue morphology in porcine TMJ disc.  We hypothesized 

that solute diffusion in the TMJ disc is anisotropic and inhomogeneous, and transport 

properties are associated with tissue morphology.  The diffusivities of fluorescein in five 

TMJ disc regions (anterior, medial, intermediate, lateral, and posterior) were determined 

by a FRAP technique previously developed in our lab.  The anisotropic diffusion 

behavior of fluorescein in the TMJ disc was investigated by measuring the diffusion 

coefficient in three orthogonal directions (medial-lateral, anterior-posterior, and superior-

inferior) in each disc region.  To investigate the relationship between tissue morphology 

and solute diffusivity, the three-dimensional (3D) collagen fiber structures in each disc 

region were examined by utilizing scanning electron microscopy (SEM).  The anisotropy 

of fiber structures in five disc regions were quantified through the analyses of the SEM 

images. 

5.2 Materials and Methods 

5.2.1 Specimen Preparation 

A total of eleven pig heads (Yorkshire, male, aged 6~8 months) were collected 

from a local abattoir within 2 hours of slaughter.  The entire TMJ with capsule intact was 

removed en bloc.  Joints were opened under a sterile dissection hood; TMJ discs were 
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then removed from peripheral attachments.  All discs were assessed visually, and were 

not used if signs of degeneration were apparent.  The transport properties and tissue 

morphology were investigated in three orthogonal orientations (i.e., mediolateral, 

anteroposterior, and superoinferior) for each of the five different regions (i.e., anterior, 

medial, intermediate, lateral, and posterior) (Figure 5.1).  Eleven TMJ discs of the right 

joints were used to determine the anisotropic diffusivities via FRAP protocols.  Eleven 

TMJ discs of the corresponding left joints were used to examine the tissue morphology 

via SEM.  When the specimens were observed under the microscopes, the material 

coordinates of the samples were fixed to the microscopy coordinates [i.e., mediolateral 

(ML) axisX axis, anteroposterior (AP) axisY axis, and superoinferior (SI) axisZ 

axis] in order to correlate the diffusion properties to the tissue morphology of the TMJ 

discs. 
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Figure 5.1 The schematic of specimen preparation and testing protocols.   
Each disc was examined in five regions: anterior, intermediate, posterior, lateral and 
medial.  In each region, solute diffusion properties and tissue morphology of these 
specimens were investigated in three orthogonal planes (i.e., XY, ZX and ZY).  The right 
side discs were tested by FRAP protocols for the diffusion properties and the 
corresponding left side discs were examined by SEM protocols for tissue morphology. 
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5.2.2 Diffusivity Measurement using FRAP Techniques 

Three tissue blocks were harvested from each region for the diffusivity 

measurements (Figure 5.1).  Three tissue blocks were harvested from each region for the 

diffusivity measurements (Figure 5.1).  One tissue block was for the diffusivity 

measurement on the XY horizontal plane (i.e., ML-AP plane), one was for the ZX 

vertical plane (i.e., SI-ML plane), and the other one was for the ZY vertical plane (i.e., 

SI-AP plane).  The disc tissue blocks were sectioned to 100µm slices using a microtome 

(SM24000, Leica Microsystems GmbH, Wetzlar, Germany) with a freezing stage (Model 

BFS-30, Physitemp, Clifton, NJ).  The specimens were marked to identify the material 

coordinates.  The tissue slices were then immersed in a phosphate buffered saline (PBS) 

solution (Sigma®, St. Louis, MO) with 0.2mM fluorescein (332 Da, λex 490 nm; λem 514 

nm, Fluka-Sigma-Aldrich®, St. Louis, MO) for 48 hours.  The anisotropic diffusion 

tensors of fluorescein in the specimens on the sectioned plane were determined using a 

Spatial Fourier Analysis (SFA) based FRAP technique developed in our previous 

study.[7]  The FRAP experiments were performed on a Leica TCS-SP5 confocal laser 

scanning microscope (Leica Microsystems, Inc., Exton, PA) at room temperature (22ºC).  

Briefly, the specimens were photobleached using an Ar-488nm laser to create a circular 

bleached spot with a diameter of 48μm.  For each FRAP measurement, 300 frames of 

recovery images of 128×128 pixels (387.5µm×387.5µm), plus 5 images prior to 

photobleaching, were acquired at a scanning rate of 0.355 seconds per frame.  To 

minimize the contribution of the fluorescence emission of the background, pre-bleaching 
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images were averaged and then subtracted from the post-bleaching image series.  The 

confocal series images were analyzed by implementing custom written codes in 

MATLAB (MATLAB 7.0, The MathWorks Inc., Natick, MA) to calculate the 2D solute 

diffusion tensor in the specimen on the section plane.  For the specimen sectioned on the 

XY horizontal plane (i.e., ML-AP plane), the diffusivities along the mediolateral (DML) 

and anteroposterior (DAP) orientations were determined.  Similarly, for the specimen 

sectioned on the ZX vertical plane (i.e., SI-ML plane), the diffusivities along the 

superoinferior (DSI) and mediolateral (DML) were determined.  For the specimen 

sectioned in the ZY vertical plane (i.e., SI-AP plane), the diffusivities along the 

superoinferior (DSI) and anteroposterior (DAP) orientations were determined.  Finally, for 

each disc region, the diffusivities along the anteroposterior (DAP), mediolateral (DML), 

and superoinferior (DSI) orientations were calculated by averaging the corresponding 

diffusivities of the three specimens prepared from the same disc region in three 

orthogonal planes.  The mean diffusivities [(DML+DAP+DSI)/3] in each region were 

calculated as well.  

5.2.3 Fractional Anisotropy 

 To quantify the solute diffusion anisotropy, the fractional anisotropy (FA) [178] 

was calculated for each disc region by following the equation: 

222

222 )()()(

2

3
 

SIAPML

MeanSIMeanAPMeanML

DDD

DDDDDD
FA




           (5.1) 

Here, the diffusivities of DAP, DML, and DSI were used to represent the three 

eigenvalues of the 3D diffusion tensor.  Our data showed that values of the off-diagonal 
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components of the diffusivity tensor in the material coordinates were much smaller (at 

least one order of magnitude smaller) compared to the diagonal components (i.e., DAP, 

DML, and DSI).  The FA is a scalar and rotationally invariant quantity that describes the 

degree of anisotropy of diffusion in a tissue sample.  A FA value of zero means that 

diffusion is isotropic (i.e. it is equally restricted in all directions).  In contrast, a FA value 

of one represents that diffusion occurs only along one axis and is fully restricted along all 

other directions.  

5.2.4 Tissue Structure Examination using SEM 

To determine the fiber structure on the horizontal plane (e.g., XY plane), a whole 

disc sample was microtomed to remove the concave shape of the disc and expose the 

collagen fiber structure on the horizontal plane which is parallel to the superior surface.  

To determine the fiber structure on the two vertical planes (e.g., ZX and ZY planes), the 

discs were cut mediolaterally or anteroposteriorly to uncover the tissue structure on the 

vertical planes.  The specimens were marked to distinguish the different regions and 

identify the material coordinates.  The specimens were then fixed with a solution of 2.5% 

glutaraldehyde in PBS at 4°C for 72 hours.  The fixed tissues were dehydrated using a 

graded series of ethanol.  Afterwards, the specimens were dried by immersion in 

hexamethyldisilazane (HMDS) solution.  In order to enhance the contrast of SEM images, 

the specimens were coated with a layer (20µm thickness) of gold.  Finally, the coated 

specimens were examined via SEM (Hitachi TM-1000) at 3000x magnification.  
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5.2.5 Collagen Fiber Alignment Measurement 

The SEM images in each disc region were used to assess the degree of collagen 

fiber alignment.  The fiber alignment measurement was characterized by using an ImageJ 

(Version 1.45s, by Wayne Rasband, National Institutes of Health, USA) plug-in 

(OrientationJ) that calculates the directional coherency coefficient of the collagen 

fibers.[179, 180]  The coherency coefficient indicates if the local fibers are aligned or not.  

A coherency coefficient close to one demonstrates a significantly coherent orientation of 

the local fibers in one direction.  A coherency coefficient close to zero represents no 

dominant orientation of the fibers.[179] 

5.2.6 Statistical Analysis 

One-way ANOVA and Tukey’s post hoc tests were performed on DML, DAP and 

DSI to examine in the anisotropy of solute diffusion in each disc region.  The mean solute 

diffusivities, diffusion fractional coefficients, and fiber coherency in the five disc regions 

were also analyzed using the same statistical methods to examine the regional effect on 

the solute diffusion rate, diffusional anisotropy, and fiber alignment in porcine TMJ discs.  

SPSS 16.0 software (SPSS Inc., Chicago, IL) was used for all statistical analyses and 

significant differences were reported at p-values < 0.05. 

5.3 Results 

5.3.1 Solute Diffusivities in the TMJ discs (FRAP) 

The diffusivities of fluorescein in each TMJ disc region were significantly 

anisotropic, except the anterior region (Figure 5.2).  In the medial region, anteroposterior 
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diffusivity [mean, 95% confidence interval (CI), 65.2 (49.4-81.1) µm2/s] was 

significantly larger than the diffusivities in the mediolateral [51.6 (36.4-66.7) µm2/s, p = 

0.031 ] and superoinferior [50.8 (35.9-65.7) µm2/s, p = 0.023] directions.  In the lateral 

region, anteroposterior diffusivity [60.2 (45.4-75.0) µm2/s] was also significantly larger 

than the diffusivities in the mediolateral [48.1 (36.7-59.5) µm2/s, p = 0.023] and 

superoinferior [39.7 (26.9-52.5) µm2/s, p < 0.0001] directions.  Similarly, in the 

intermediate region, anteroposterior diffusivity [64.3 (48.3-80.4) µm2/s] was significantly 

larger than the diffusivities in the mediolateral [50.7 (38.8-62.5) µm2/s, p = 0.013] and 

superoinferior [43.7 (31.1-56.4) µm2/s, p = 0.0001] directions.  In contrast, in the 

posterior region, mediolateral diffusivity [72.0 (56.8-87.2) µm2/s] was significantly larger 

than anteroposterior [49.1 (34.7-63.6) µm2/s, p = 0.0003] and superoinferior diffusivity 

[57.7 (42.9-72.5) µm2/s, p = 0.04].  However, in the anterior region, there were no 

significant differences in diffusivity between anteroposterior [67.8 (50.1-85.6) µm2/s], 

mediolateral [62.6 (43.7-81.4) µm2/s], and superoinferior [66.3 (46.3-81.8) µm2/s] 

directions (ANOVA, p = 0.66).  The degree of the diffusional anisotropy was quantified 

by the fractional anisotropy in the five disc regions (Figure 5.4).  The value of fractional 

anisotropy in the anterior region [0.13 (0.10-0.16)] was significantly lower than those of 

the medial [0.24 (0.15-0.34)], lateral [0.26 (0.19-0.35)], intermediate [0.28 (0.19-0.38)], 

and posterior [0.30 (0.20-0.41)] regions (ANOVA, p = 0.0002). 
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Figure 5.2 The results of anisotropic solute diffusivities in porcine TMJ discs (The data 
shown are means ± 95% CIs).    
In the medial, lateral and intermediate regions, anteroposterior diffusivity was 
significantly larger than the diffusivities in the other two directions (* p < 0.04 compared 
to DAP).  The mediolateral diffusion predominated in the posterior region (* p < 0.05 
compared to DML).  In the anterior region, there were no significant differences for 
diffusivity between the orientations likely due to the multi-directional fiber arrangement. 
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The mean diffusivities of fluorescein in porcine TMJ discs were region-dependent 

(ANOVA, p = 0.013).  The anterior region [65.6 (49.3-81.8) μm2/s] had significantly 

higher mean diffusivity than the intermediate region [53.5 (41.0-66.0) μm2/s, p = 0.048] 

and lateral region [51.2 (39.0-63.3) μm2/s, p = 0.01].  Moreover, the anterior region also 

had higher value of mean diffusivity than the medial region [56.2 (42.7-69.7) μm2/s, p = 

0.221] and posterior region [58.7 (44.9-72.5) μm2/s, p = 0.544], although the differences 

were not statistically significant (Figure 5.3).  The overall average diffusivity of 

fluorescein cross the TMJ disc was 57.0 (43.0-71.0) µm2/s. 
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Figure 5.3 The results of inhomogenous solute diffusivities in porcine TMJ discs (The 
data shown are means ± 95% CIs).   
Region-dependent diffusion properties were found in the TMJ disc.  The anterior region 
had higher mean diffusivity than the lateral and intermediate regions (* ANOVA, p < 
0.02 compared to anterior) probably due to the higher water content and random fiber 
arrangement in this region. 
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Figure 5.4 The results of solute diffusional anisotropy in five regions of the TMJ disc 
(The data shown are means ± 95% CIs).   
The results of fractional anisotropy showed the region-dependent solute diffusion 
properties in the TMJ disc.  The anterior region had lower FA than other four regions 
(*ANOVA, p = 0.0002).  
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5.3.2 Collagen Fiber Orientations (SEM) 

Typical SEM images of porcine TMJ discs in the horizontal XY, vertical ZX, and 

vertical ZY sections (Figure 5.6) showed differences in the organization of collagen 

fibers among five disc regions.  In the horizontal XY plane (i.e., ML-AP plane), the 

collagen fibers aligned anteroposteriorly in the medial, intermediate, and lateral regions 

while fibers were aligned mediolaterally in the posterior region.  Interestingly, fibers 

aligned in both anteroposterior and mediolateral directions were found in the anterior 

region [Figure 5.6(a)].  In the vertical ZX plane (i.e., SI-ML plane), there was no clear 

fiber orientation in the medial, intermediate and lateral regions, likely due to their 

orientation perpendicular to the sectioned plane.  There was also no clear fiber orientation 

in the anterior region.  Conversely, the fibers clearly aligned in the mediolateral direction 

in the posterior region [Figure 5.6(b)].  In the vertical ZY plane (i.e., SI-AP plane), 

anteroposterior fibers were found again in the medial, intermediate, and lateral regions 

while fibers with two orientations existed in the anterior region. There was no clear fiber 

orientation in the posterior region, likely due to fibers being oriented perpendicular to the 

section plane [Figure 5.6(c)]. 

The degree of collagen fiber alignment was quantified by the coherency 

coefficient in the five disc regions (Figure 5.5).  The results indicated that the values of 

the coherency coefficient were region-dependent in the TMJ disc.  The collagen fibers 

highly aligned in the medial [0.43 (0.33-0.53)], lateral [0.42 (0.37-0.48)], intermediate 

[0.41 (0.33-0.50)], and posterior [0.39 (0.36-0.42)] regions.  In contrast, the anterior [0.12 

(0.06-0.17)] region had a significant lower coherency coefficient than the other four 
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regions (ANOVA, p < 0.0001), likely due to the multi-directional fiber arrangement in 

this region. 
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Figure 5.5 The results of collagen fiber alignment anisotropy in five regions of the TMJ 
disc (The data shown are means ± 95% CIs).   
The measurements of coherency coefficient demonstrated the region-dependent collagen 
fiber alignment properties in the TMJ disc.  The anterior region had lower coherency 
coefficient than other four regions (* ANOVA, p < 0.0001) probably caused by the 
random fiber arrangement in the anterior region. 
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(c) 

Figure 5.6 SEM images of collagen fiber orientations in the TMJ disc.   
In the XY plane, the collagen fibers aligned anteroposteriorly in the medial, intermediate 
and lateral regions. The collagen fibers run mediolaterally in the posterior region and 
fibers in both directions were found in the anterior region.  (b) In the ZX plane, there was 
no clear fiber orientation in the anterior, medial, intermediate and lateral regions, but the 
fibers in the posterior region aligned mediolaterally.  (c) In the ZY plane, anteroposterior 
fibers were found again in the medial, intermediate and lateral regions, and fibers with 
both orientations existed in the anterior region and were randomly distributed in the 
posterior region. 
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5.4 Discussion 

The 3D solute diffusion properties and tissue morphology in porcine TMJ discs 

were determined in this study by using FRAP and SEM techniques, respectively.  The 

results of the FRAP measurements demonstrated that the solute diffusion in porcine TMJ 

discs was anisotropic.  Moreover, the degrees of the diffusional anisotropy and main 

orientations of diffusion were region-dependent.  The SEM results showed that the 

collagen fiber structure in the TMJ discs was highly organized and the degree and 

orientation of collagen fiber alignment were region-dependent as well.  The 3D 

anisotropic diffusion properties were strongly correlated with tissue morphology (i.e., 

collagen fiber structure) in each disc region. 

The collagen fiber orientations observed by SEM in this study were in agreement 

with the experimental results reported in the literature.  Detamore et al. found collagen 

fibers inside the porcine TMJ discs have a ring-like structure around the periphery and 

are oriented anteroposteriorly through the intermediate zone.[168]  The anterior band has 

the merging of anteroposterior fibers with mediolateral fibers and the collagen fibers 

primarily align in a mediolateral direction within the posterior region.  The collagen 

fibers in human and other animal TMJ discs [161, 181-183] have similar structures as the 

results shown in this study. 

The mean diffusivity of fluorescein across the TMJ disc measured in this study 

was comparable to the values in other fibro-cartilaginous tissues (e.g., intervertebral disc) 

(Table 5.1).  The diffusivity of fluorescein was lower than that of ions (Na+ and Cl-),[73] 



 

145 
 

but higher than that of 4kDa FITC-dextran [7] in porcine TMJ discs determined in our 

previous studies (Table 5.1).  This was expected since the fluorescein molecular weight 

lies in between the other solute weights.  The results of this study demonstrated that the 

solute diffusion in the TMJ disc was highly anisotropic, which was also found in our 

previous study examining 2D anisotropic diffusion in the horizontal X-Y plane.[7]  This 

study of 3D anisotropic solute diffusion further indicated that the main diffusion 

directions were greatly associated with the main collagen fiber orientations.  In the 

medial, intermediate, and lateral regions, the fluorescein diffusion along the fiber 

orientation (i.e., anteroposterior direction) was significantly faster than the diffusion 

transverse to the fiber orientation (i.e., mediolateral and superoinferior directions).  In the 

posterior regions (i.e., posterior band), the fluorescein diffusion along the fiber 

orientation (i.e., mediolateral direction) was significantly faster than the diffusion 

transverse to the fiber orientation (i.e., anteroposterior and superoinferior directions) as 

well.  In contrast, the diffusion in the anterior region was mostly isotropic, likely due to 

the multi-directional fiber arrangements.   

Furthermore, the degree of collagen fiber alignment was correlated to the degree 

of diffusional anisotropy.  The collagen fibers were highly aligned in the medial, lateral, 

intermediate, and posterior regions.  However, the anterior region had a significantly 

lower coherency coefficient than the other four regions (Figure 5.5).  Correspondingly, 

the value of fractional anisotropy in the anterior region was significantly lower than those 

of the other disc regions (Figure 5.4).  Similar results were also found by DTI 

measurements of 3D water diffusion in porcine TMJ discs.[167]  However, the fractional 
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anisotropy of water diffusion (0.36-0.55) in the DTI study was higher than the fluorescein 

diffusion (0.13-0.30) in this study.  The possible reason for this difference might be the 

age difference of the animals used between the DTI study (12-16 months) and this study 

(6-8 months).  The existence of more aligned collagen fibers in the skeleton matured pigs 

may cause a relatively higher fractional anisotropy.  The studies on bovine [17] and 

human [6] annulus fibrosus (AF) also showed highly anisotropic fluorescein diffusion 

properties exist because of the well-organized tissue structures.   

The mean diffusivity of fluorescein in the TMJ disc is about 10% of its diffusivity 

in water, indicating the solute diffusion is significantly hindered by the ECM of the tissue.  

The comparison of mean diffusivities between different regions showed the 

inhomogeneous solute diffusion properties in the TMJ disc.  The anterior region had a 

higher mean diffusivity of fluorescein than the other disc regions probably due to the high 

water content.  Our previous study showed that the ion diffusivities were highly 

associated with the tissue water content in porcine TMJ discs.[73]  The anterior region 

has the highest ion diffusivities as well as tissue water content.  Studies [6, 14, 132] on 

other cartilaginous tissues also showed that the solute diffusivity is positively correlated 

to the tissue water content.  The diffusivity was lower in the TMJ disc when compared to 

AF (Table 5.1) likely due to the low water content in the TMJ disc.  Therefore, in 

addition to the tissue structure, the tissue composition also could influence the solute 

diffusion properties in hydrated soft tissues. 

In this study, fluorescein was utilized as a molecular probe to investigate the 

relationship between solute diffusion properties and tissue morphology.  The molecular 
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weight of fluorescein (332 Da) is about two times higher than the molecular weight of 

glucose (180 Da).  Generally, the tissue ECM has a greater impact on the diffusivity of 

larger solutes.[177]  Therefore, it is necessary to determine the impact of tissue ECM on 

the diffusivities of other essential solutes, such as oxygen and glucose.  In this study, the 

measurement of 3D anisotropic diffusivities was achieved by measuring 2D diffusion 

tensors in three orthogonal tissue sections.  However, this tissue sectioning process might 

alter the collagen fiber alignment.  Therefore, it is necessary to develop a FRAP 

technique to measure local 3D solute diffusion tensor without tissue sectioning.  

Although pigs have been considered as a good animal model to study human TMJ disc 

mechanics, the determination of the solute diffusivity on human samples is also needed. 
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Table 5.1 The diffusivities (mean ± standard deviation) of different solutes in various 
fibrocartilaginous tissues (unit: µm2/s).  
 

Type of tissues and 
species 

Type of Solute Diffusivities  References 

Porcine TMJ disc 
Chloride ion 439.5 ± 88.6 

73 
Sodium ion 316.7 ± 63.8 

Porcine TMJ disc FITC-Dextran (4K Da) 26.1 ± 4.3 7 

Porcine TMJ disc Fluorescein 57.0 ± 20.9 Current study 

Bovine AF Fluorescein 111.2 ± 33.3 17 

Human AF Fluorescein 153.0 ± 54.5 6 
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5.5 Conclusion 

In summary, this study investigated the relationship between small solute 

diffusion properties and tissue morphology in porcine TMJ discs.  Both FRAP and SEM 

techniques were utilized to determine the 3D solute diffusion properties and collagen 

fiber orientations, respectively.  It was found that the diffusion of fluorescein in the TMJ 

disc was anisotropic and inhomogeneous.  This suggests that tissue structure (i.e., 

collagen fiber alignment) and composition (e.g., water content) could be key factors 

affecting the solute diffusion properties within TMJ discs.  The fluorescein diffusion 

along the fiber orientation was significantly faster than the diffusion transverse to the 

fiber orientation.  Interestingly, the quantitative measurements showed the degree of 

diffusional anisotropy was positively correlated the degree of collagen fiber alignment, 

which strongly indicated the anisotropic diffusion properties were highly associated with 

tissue morphology.  Furthermore, this study also demonstrated that the regional 

difference in tissue composition resulted in the region-dependent solute diffusion 

properties.  This study has provided a baseline investigation on the relationship between 

solute transport properties and tissue morphology.  These findings are important for 

understanding transport properties as well as further developing numerical models on 

nutritional supply within the TMJ disc. 
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CHAPTER 6 THREE-DIMENSIONAL ANISOTROPIC DIFFUSION 
MEASUREMENTS BY MP-FRAP TECHNIQUE 

6.1 Introduction 

Fluorescence recovery after photobleaching (FRAP) is a versatile and widely used 

tool for the determination of local diffusion properties within solutions, cells, tissues, and 

biomaterials.  Due to the high spatial resolution, FRAP offers the possibility to 

microscopically examine a specific region of a sample.  For instance, the hindered solute 

diffusion properties in the mitochondrial matrix have been studied using FRAP [184].  

The diffusion properties of macromolecules in the hydrogels were measured by FRAP to 

investigate the effect of molecular configurations on the transport properties [164].  

Moreover, this technique was also utilized in the tumor tissue study which showed that 

the structure and orientation of collagen fibers in the tumor extracellular matrix (ECM) 

leads to diffusion anisotropy [131].   

The basic principle of FRAP is based on photobleaching the fluorescence of 

molecular probes and analyzing the recovery of the photobleached area.  To date, most 

FRAP analyses are based on the method proposed by Axelrod et al. by analyzing the 

FRAP data in the spatial domain over time to mainly determine the two-dimensional (2D) 

and isotropic diffusion [13].  Another approach for 2D FRAP analysis is based on the 

spatial Fourier analysis (SFA) of the recovery images in the frequency domain and has 

the advantage of potential detection of anisotropic diffusion [6, 7, 14-17, 101].  Tsay and 

Jacobson, using SFA on FRAP images, developed a method for the determination of 2D 

diffusion tensor [15].  Most recently, Travascio et al. [17] reported a study on calculating 

an anisotropic diffusion tensor based on frequency analyses of FRAP images.  This 
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method has been applied to characterize 2D anisotropic diffusion in knee meniscus and 

intervertebral disc (IVD) tissues [6, 17].  Shi et al. proposed another FRAP technique 

solely based on the SFA to completely determine the 2D anisotropic diffusion tensor.  

The anisotropic solute diffusion in the temporomandibular joint (TMJ) disc was found by 

utilizing this technique [7]. 

The dramatic development of confocal and multiphoton laser scanning 

microscopy (CLSM and MPLSM) in the last two decades has made the FRAP technique 

become the standard tool to measure the solute diffusion properties in the biological 

samples.  Many three-dimensional (3D) FRAP studies have started to compensate the 

effect of axial diffusion by adding the diffusion in the z direction to their mathematical 

models, but they have still assumed the diffusion is isotropic (i.e., the diffusivities are 

identical in all directions), so only a scalar diffusion coefficient was adopted to 

characterize the diffusion properties in their models.  

A CLSM-based 3D FRAP model was first devised for use with objective lenses of 

low numerical aperture (NA) by Blonk et al. [11].  Wedekind et al. [83] developed a 

FRAP technique, referred to as line-scanning microphotolysis, (LINSCAMP) for the 

measurement of molecular transport at a high spatial and temporal resolution.  

Kubitscheck et al. [136] extended LINSCAMP from 2D thin cell membranes to 3D thick 

samples by considering the complicated geometries of 3D diffusion measurements.  Later 

on, Braeckmans et al. presented a quantitative FRAP model for use with the CLSM by 

photobleaching a long line segment, named line FRAP [137].  This technique possesses 

the advantage of a small bleaching region, thus it’s perfectly suitable to measure the 
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faster and more site-specific diffusion in the intracellular space.  However, for the 

diffusion studies in the relatively larger bulk samples such as biological solutions, gels 

and tissue ECM, disk-FRAP technique proposed by Braeckmans et al. [23] exhibits the 

advantages of higher signal-to-noise ratio (SNR) and more possibilities to be applied on 

the common commercial CLSMs.    

In the recent multiphoton-based photobleaching experiments, due to the non-

linear optical phenomenon, only the fluorophore within the focal spot was photobleached 

and the photobleaching profile yielded a sharp and well-defined 3D geometry [135, 144].  

The multiphoton fluorescence recovery after photobleaching (MP-FRAP) can be 

implemented within thick samples and the deeper penetration of multiphoton imaging 

[185] allows MP-FRAP to be realized deeply within scattering samples [130, 186].   

The theoretical framework of MP-FRAP was firstly presented by Brown et al. in 

1999 [12], MP-FRAP experiments were performed with a stationary laser beam and spot-

bleaching protocol to measure the mobility of fluorescent molecule with spatial 

resolution of a few microns.  However, this method only works for the isotropic diffusion 

measurements.  Sullivan et al. [186] improved the initial MP-FRAP model by 

additionally considering the effects of convective flows within the system.  This 

diffusion-convection model extended MP-FRAP technique to simultaneously measure the 

diffusion coefficient and flow speed within tumor vessels.  Due to the non-neglectable 

molecule diffusion during the photobleaching pulse and photobleaching during the 

recovery in some situations, Waharte et al. [141] used a new numerical simulation model 

to interpret the MP-FRAP data with taking into account the spatial depletion and 
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observational photobleaching in the analysis.  This study further improved the accuracy 

of MP-FRAP technique which can determine the millisecond dynamics of proteins in 

volumes smaller than 1μm3 [141].   

Meanwhile, FRAP techniques based on scanning laser beam of multiphoton 

microscope have also been developed in several studies.  Schnell et al. [143] determined 

the bleaching profile of scanning multiphoton excitation by using the convolution of the 

point spread function (PSF) and a circular scanning area.  Mazza et al. [145] fully 

accomplished the mathematical model of a FRAP method based on multiphoton 

photobleaching of a large uniform disk which was generated by a scanning protocol.  In 

this study, by photobleaching a large area, diffusion along the optical axis can be detected 

separately, offering a potential opportunity for investigating anisotropic diffusion.  

So far, most MP-FRAP models and techniques focus on the measurements of 3D 

solute diffusion in volumes of a few cubic micrometers due to the dominant applications 

of this technique are to study protein mobilities within the intracellular structures.  A 

general assumption made for the interpretation of these experimental data is that the 

diffusion is isotropic and a scalar diffusion coefficient D could fully characterize the 

diffusion properties of molecules of interest.  However, this assumption is difficult to be 

satisfied when the diffusion is examined in a larger scale, such as a tissue level [142].  

The common observational volume in tissue diffusion studies is more than 100×100×

100μm3 and also includes very complex biological structures (e.g., the collagen fiber 

alignment), therefore, the anisotropic diffusion model is more appropriate to quantify the 

diffusion process by applying anisotropic diffusion tensor in a large 3D tissue space.  
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Fourier analysis has showed a decent capability to calculate the 2D anisotropic diffusion 

tensor in the cartilaginous tissues [6, 7, 17], it’s reasonable to extend it to 3D diffusion 

measurements.  However, to our knowledge, there are no 3D models for anisotropic 

diffusion measurements by using SFA and multiphoton excitation photobleaching 

experiments.  Thus, the goal of this study was to develop the mathematical theory and 

technique of 3D MP-FRAP with SFA to determine the anisotropic solute diffusion 

tensors in the solutions and cartilaginous tissues (e.g., ligament).  

In this article, we firstly derived the mathematical theory of MP-FRAP model 

with 3D anisotropic diffusion tensor and SFA.  Next, we applied this analysis to 

computer simulated 3D anisotropic FRAP data in order to validate the method.  After that, 

we showed a throughout experimental validation of model by measuring the diffusion of 

FITC-Dextran in the glycerol solutions with different concentrations.  And finally, an 

application example was reported in which this new method is adopted to characterize 3D 

anisotropic solute diffusion tensors in the porcine ligament tissues. 

6.2 Theory 

6.2.1 Solving 3D Diffusion Equation by SFA 

Diffusional transport is governed by Fick's second law in 3D and the partial 

differential equation becomes:[19]  

)]},,,([{),,,( tzyxCtzyxC
t





D                   (6.1) 

where (x,y,z) are the spatial coordinates of the imaging system and t is the time.  The 

function ),,,( tzyxC  represents the spatial concentration distribution of solute in the X-
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Y-Z coordinates and D  is the diffusion tensor which is assumed symmetric.  Within the 

observation field of MP-FRAP experiments, it is assumed that the diffusion tensor (D) is 

independent of position and time.  Therefore, equation (6.1) could be rewritten as:  

zy

tzyxC
D

zx

tzyxC
D

yx

tzyxC
D

z

tzyxC
D

y

tzyxC
D

x

tzyxC
DtzyxC

t

yzxzxy

zzyyxx































),,,(
2

),,,(
2

),,,(
2                      

                       

),,,(),,,(),,,(
),,,(

222

2

2

2

2

2

2

         (6.2) 

where Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz are six independent components of D in the (x,y,z) 

coordinate system. 

Given dxdydzetzyxCtwvuC wzvyuxi )(2),,,(),,,(
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 is the Fourier 

transform of ),,,( tzyxC , with an arbitrary initial condition and a boundary condition that 

),,,( tzyxC  is a constant as (x,y,z)  ±∞,equation (6.2) can be solved by using 3D SFA 

in the frequency domain [14-17, 101] , which are the similar strategies in the 2D 

condition: 
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where )0,,,(
~

wvuC  is the initial solute concentration and ),,( wvuD  represents the 

diffusion coefficient in the Fourier space (with frequencies u, v, and w) and is defined as: 
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      (6.4) 

The function ),,( wvuD  can be determined by curve-fitting the light intensity of a time 

series of 3D fluorescence recovery image stacks in the Fourier space to equation (6.3). 
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6.2.2 Averaging the Diffusivity in the Frequency Domain over a Shell  

The diffusivity ),,( wvuD  can be averaged over a shell of a spherical surface in 

the frequency domain.  The geometry of a shell is defined in the Figure 6.1 by three 

parameters (i.e., radius 222 wvua  , polar angle )(arccos 1 aw , and azimuthal 

angle )arctan( uv ).  

When φ and θ ranges from  to  and  to  respectively, 
2211 ,,, D , 

representing the average of ),,( wvuD  over a shell, can be given as: 
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Based on equations (6.5) and (6.6), the average of ),,( wvuD  over the shell with 

  2211 ,0,,0  can be related to the components of the diffusion tensor D 

as:  
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DDD
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                                 (6.7) 

Similarly, the other averages of ),,( wvuD  over the different shells can be calculated as 

follow:  
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6.2.3 Obtaining all Components of Diffusion Tensor 

According to equations (6.7)-(6.12), all components of the diffusion tensor (i.e., 

Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz) can be obtained and expressed as the functions of  ,0,,0D , 

 ,0,2,0D , 2,0,,0 D , 2,0,2,0 D ,  ,0,4,0D , and 43,0,,0 D :  
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Figure 6.1 The Schematic of SFA and averaging the diffusivity in the frequency domain 
over a shell.   
In the SFA, the solute concentration distribution is transformed from spatial domain in (a) 
to the frequency domain in (b) by using Fourier transform.  In the frequency domain, the 
diffusivity ),,( wvuD  is averaged over a shell of a spherical surface to obtain all 
components of 3D diffusion tensor.  The level of shell is defined by the radius a (i.e., 
commonly positive integers) and the range of shell is determined by polar angle  , and 
azimuthal angle   (i.e., six different ranges at each shell level).  
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6.3 Materials and Methods 

6.3.1 Computer-Simulated MP-FRAP Experiments 

The 3D anisotropic diffusion processes of the fluorescent molecule recovery after 

photobleaching were simulated using a finite element analysis software (COMSOL 

Multiphysics 3.5, COMSOL Inc., Burlington, MA).  Figure 6.2 shows the simulation 

setup.  At all boundaries of the simulation domain (102×102×102μm3), the concentration 

of the fluorescent solutes satisfied the constancy assumption (C=C*).  Initially, the 

concentration distribution of fluorescent molecules was assumed to be uniform (C=C*) 

outside the photobleached geometry and zero within the photobleached volume.  The 

photobleached geometry was set to a cubic block with a side length (d) of 12.75μm 

according to the optimum value of 8 for the ratio of the imaging frame size to the initial 

length of the bleached volume as suggested by Travascio and Gu [17].  The mesh used in 

the simulation experiments included 7,554 quadratic Lagrange triangular elements.  The 

convergence criterion for the solution was the relative error tolerance of less than 0.00001.  

The simulation was stopped when the concentration in the beached block reached 95% of 

C*.  For data analysis purposes, a number of Z-stack images representing the 3D FRAP 

experiment were extracted from the simulation and digitalized to 

64pixels×64pixels×64pixels in the x-y-z coordinates.    
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Figure 6.2 Schematic representation of the computational domain with the initial and 
boundary conditions for 3D MP-FRAP simulation experiments.   
At all boundaries of the simulation domain (102×102×102μm3), the concentration of the 
fluorescent solutes satisfies the constancy assumption (C=C*).  Initially, the concentration 
distribution of fluorescent molecules is assumed to be uniform (C=C*) outside the 
photobleached geometry and zero within the photobleached volume.  The photobleached 
geometry (insert) is set to a cubic block with a side length (d) of 12.75μm.  The mesh 
used in the simulation experiments includes 7,554 quadratic Lagrange triangular elements. 
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In order to validate the capability of our MP-FRAP method, five groups of 3D 

anisotropic diffusion were investigated via setting different pre-defined diffusion tensors.  

In the first group, a base diffusion tensor of sm /

3.000
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001.0
2


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




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




0D  was selected and 

rotated in other four groups at different angles using 3D rotation matrices 

)4~0(3 iDj   R  defined as: 

zjyjxjDj RRRR 3                                                                    (6.14) 
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zjR .  These matrices represented counterclockwise rotations of a 

tensor relative to X, Y, and Z axes by rotation angles of 1 , 2 , and 3 , respectively 

(Figure 6.3).  The detailed values of rotation angles in each group were listed in the Table 

6.1.  Their products were Dj3R  meaning the sequential rotations of a tensor about the x, y, 

and z axes at the certain angles. The five pre-defined diffusion tensors were calculated by: 

     RDRD Dj
T

Djj 303                                                 (6.15) 

The simulated MP-FRAP data were analyzed by the new method and the principal 

components of diffusion tensor were determined based on the calculated diffusion tensors 
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and were compared to the pre-defined one in each group to assess the accuracy of this 

method.  The time interval (ΔT) between each Z-stack was set to 18s.  

The preference of the method for the shell radii [see Figure 6.1(b)] was studied.  

The pre-defined diffusion tensor was set to sm /

3.000

02.00

001.0
2



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










, the accuracy of the 

method was compared between the shells ranging from “Shell1 ” to “Shell6”. The ΔT 

between each Z-stack was fixed to 18s.  

The sufficiency of MP-FRAP recovery data sampling may significantly affect the 

accuracy of the MP-FRAP method.  To study this effect, an isotropic diffusion tensor, 

sm /

1.000

01.00

001.0
2


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










, was pre-defined to reduce the numerical error which may be 

caused by the different magnitudes of diffusion tensor components.  The ΔT varied from 

6s to 144s with the fixation of the characteristic diffusion time (TD) which was defined by 

the equation below. 

 
)(

2 2

Dtr

d
TD  , DTT /Ratio                                        (6.16) 

The side length, d, of bleaching block was a constant in the simulation, so the ratio of ΔT 

to TD was only dependent on the values of ΔT.  This ratio represented the effective 

sampling rate during the recovery data acquisition process.  Therefore, different FRAP 

experiments with varying ratios were analyzed to examine the sampling effect to the 

accuracy of our method.  Furthermore, this effect was also investigated under different 
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image noise conditions.  Similarly to previous studies [7, 17], two magnitudes of spatial 

Gaussian noise (i.e.,  = 5 and 10) were generated by ImageJ software (Version 1.39f, 

National Institutes of Health, USA) and were then superimposed onto the simulated 

recovery Z-stack image sequences.  These experiments were used to estimate how image 

noise affected the analyses as well.  
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Table 6.1 The detailed values of rotation angles ( 1 , 2 , and 3 ) in five groups of 

computer-simulated 3D MP-FRAP experiments for capability validation.  
 

Rotation Angles j=0 j=1 j=2 j=3 j=4 

1  0 
4


 0 0 

4


 

2  0 0 
4


 0 

4


 

3  0 0 0 
4


 

4


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Figure 6.3 The orientation of pre-defined 3D anisotropic diffusion tensor generated using 
various rotation angles in the computer-simulated MP-FRAP experiments for capability 
validation.   

1 , 2 , and 3  are the rotation angles which characterize the counterclockwise rotations 

of a diffusion tensor relative to X, Y, and Z axes in the spatial coordinates system, 
respectively.  
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6.3.2 Experimental MP-FRAP Apparatus and Protocol 

All MP-FRAP experiments were performed on a Zeiss LSM 510 META NLO 

confocal laser scanning microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY) 

equipped with a Coherent Mira 900 femtosecond pulsed Ti:Sapphire laser for 

multiphoton excitation (Coherent, Santa Clara, CA) at room temperature (22ºC).  

Multiphoton excitation of fluorescein isothiocyanate-dextran (FITC-Dextran, FD) 

(Sigma-Aldrich®, St. Louis, MO) in the specimens was accomplished by a 790-nm light 

from the Ti:Sapphire laser.  To minimize the contribution of the fluorescence emission of 

the background, one pre-bleaching image stack was firstly obtained in the observation 

volume (e.g., 150×150×150μm3 for 40× lens or 102×102×102μm3 for 63× lens) and 

subsequently subtracted from the post-bleaching image stack series.  Imaging mode with 

low multiphoton laser energy (6%~30% laser energy) was applied during this course and 

auto gain compensation function was also applied when the imaging plane moved deep 

into the specimen in order to enhance the fluorescence signal inside the scattering sample.  

Images were collected as 64×64×64 pixel X-Y-Z-scans at 8-bit intensity resolution using 

a 40×/1.2NA water immersion objective (working distance: 0.22mm) for the glycerol 

samples with concentrations of 75%, 80%, and 85% (see Glycerol/PBS solutions section) 

or a 63×/1.3NA water immersion objective (working distance: 0.17mm) for the rest of 

samples. The central region of the observation volume was then photobleached by a high 

energy multiphoton laser (85%~100% laser power) at the different Z-levels to create a 

cubic bleached block with a dimension about 18.75×18.75×18.75μm3 (40× lens) or 
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12.75×12.75×12.75μm3 (63× lens). The system was switched back to the imaging 

mode afterward to acquire the post-bleaching image stack series in the exactly same 

observation volume.  For each experiment, 40 stacks (30 stacks for the glycerol samples 

with concentrations of 75%, 80%, and 85%) of recovery images, plus 1 stack prior to 

photobleaching, were acquired at an approximate rate of 18s/stack. 

6.3.3 Glycerol/PBS Solutions 

FD molecules (500KDa, 4mg/mL) in the glycerol/phosphate buffered saline (PBS) 

solutions with five different concentrations (v/v: 75%, 80%, 85%, 90%, and 95%) were 

used to test the MP-FRAP technique.  14 mL of the solutions was pipetted to a small 

chamber obtained by attaching two layers of 120-μm-thick double-side adhesive spacer 

(Secure-Seal spacers, Life Technologies, Grand Island, NY) on a microscope slide. The 

chamber was then sealed with a microscope coverslip.  The sample was located on the 

microscope stage and then MP-FRAP experiment was started after 30 minutes of waiting 

to eliminate any detectable flow in the sample.  The diffusion properties of FD500 

molecules in the glycerol/PBS solutions were quantified by MP-FRAP technique. 

6.3.4 Porcine Ligament Tissues  

The porcine ligament tissues from adult pigs were used for testing as an 

application example of our MP-FRAP technique.  Tissue slices were prepared by cutting 

the ligament tissues into 6mm segments.  These tissue segments were then sliced along 

the fiber direction into 150μm slices by using a microtome (SM24000, Leica 

Microsystems GmbH, Wetzlar, Germany) with a freezing stage (Model BFS-30, 

Physitemp, Clifton, NJ).  Ligament tissue specimens were then immersed in two types of 
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FD molecules (FD70 and FD150, 6mg/mL) for 72 hours, so the concentration distribution 

of fluorescent solutes reached equilibrium inside the tissue slices.  Next, each tissue slice 

was transferred into a small chamber made up of two layers of 120-μm-thick double-side 

adhesive spacer and a microscope slide.  After then, a certain amount of glycerol/PBS 

solutions (v/v: 60%) containing FD70 or FD150 molecules (6mg/mL) was added in the 

chamber to enhance the penetration depth in multiphoton microscopy.[187, 188]   Finally, 

the chamber was sealed with a coverslip and then moved to the microscope stage to start 

the MP-FRAP experiment.  The anisotropic diffusion tensors of FD molecules with 

molecular weights of 70KDa and 150KDa in the ligament tissue slices were measured by 

the MP-FRAP technique.  Each specimen was firstly tested when the fiber orientation 

aligned with X-axis of microscopy coordinate [X-Alignment in Figure 6.4(a)], and then, 

the field of view (FOV) was rotated 90 degree to allow the fiber direction align with Y-

axis and the specimen was tested again. [Y-Alignment in Figure 6.4(b)]  Correspondingly, 

the six components (i.e., Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz) and the traces of the diffusion 

tensors were obtained from those MP-FRAP experiments.  
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(a)                                                                   (b) 

 
Figure 6.4 The schematic of two types of observation protocol for fluorescent solute 
diffusion measurements in the porcine ligament tissues.   
X-Y coordinates represent the microscopy coordinates fixed on the microscope sample 
stage.  The fluorescent images demonstrate the major orientations of collagen fibers in 
the porcine ligament tissues.  (a) In the protocol of X-Alignment, the main fiber 
orientation is aligned with X-axis.  (b) In the protocol of Y-Alignment, the main fiber 
orientation is aligned with Y-axis.  
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6.3.5 Images and Data Processing 

For both computer simulated and experimental MP-FRAP tests, the image 

processing was completed utilizing custom written codes in MATLAB (MATLAB 7.0, 

The MathWorks Inc., Natick, MA).  Based on equation (6.3), the codes performed 3D 

Fourier transform and nonlinear curve-fitting to yield solutions for ),,( wvuD  which was 

the diffusion coefficient in the frequency domain.  Based on equation (6.5), tecplot 

software (Tecplot, Inc., Bellevue, WA) was used to average ),,( wvuD  on “Shell4” over 

different angle ranges [see equations (6.7)~(6.12)] and generated  ,0,,0D ,  ,0,2,0D , 

2,0,,0 D , 2,0,2,0 D ,  ,0,4,0D , and 43,0,,0 D .  The selection of “Shell4” was suggested by 

the results from the simulation experiments.  Finally, using equation (6.13), the 

MATLAB codes calculated all components of the diffusion tensor.  

6.3.6 Statistical Analysis 

One-way ANOVA and Tukey’s post hoc tests were performed on the diagonal 

components (i.e., Dxx, Dyy, and Dzz) of diffusion tensors to examine the extent of 

anisotropy of  solute diffusion in both glycerol and tissue specimens.  An independent t-

test was performed on the traces of diffusion tensors for the FD70 and FD150 in the 

porcine ligament tissue experiments to examine the size effect of solute diffusion in the 

tissue samples.  The SPSS 16.0 software (SPSS Inc., Chicago, IL) was used for all 

statistical analysis and significant differences were reported at p-values < 0.05. 
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6.4 Results 

6.4.1 Validation by Computer Simulated MP-FRAP Experiments 

3D MP-FRAP experiments were simulated by pre-defining components of the 

anisotropic diffusion tensors.  Numerically simulated FRAP digital image stack series 

were transformed into the frequency domain using SFA.  All the components of diffusion 

tensors were determined based on our proposed method.  The accuracy of the new 

method was assessed by the relative error (ε) which has been defined in the previous 

studies.[7, 17] 

The capability to yield the accurate diffusion tensor of our MP-FRAP technique 

was assessed by pre-defining five groups of diffusion tensor in the simulation 

experiments.  The Figure 6.5(a) showed the values of relative errors for three principal 

diffusion components (i.e., D0xx, D0yy, and D0zz) in the each test group.  Overall, the 

relative errors of D0xx were less than 1.80%, and the relative errors of D0yy were less than 

1.65%, while the relative errors of D0zz were less than 0.77% for all simulated cases. 

These results indicated that the accuracy of the new method was not significantly 

sensitive to the rotation angles (i.e., 1 , 2 , and 3 ) 

A simulated image stack series was analyzed under the different selections of the 

shell level in the frequency domain to study the preference of MP-FRAP technique.  The 

maximum relative errors of the diagonal diffusion components (i.e., Dxx, Dyy, and Dzz) 

were used to compare the accuracies of our method on the different shell levels.  The 

results shown in the Figure 6.5(b) demonstrated the maximum relative errors varied 

among different shells.  High relative errors occurred on the low frequency Shell1 and 
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Shell2, while, the best accuracy was achieved on the Shell4.  Therefore, based on these 

results, all the analyses in other studies were completed on the frequency Shell4. 

The sampling effect on the accuracy of our MP-FRAP method was investigated 

and the results were shown in the Figure 6.5(c).  The results from pure simulated image 

stacks without noise indicated that the accuracy decreased with the ratio increased.  There 

was a tremendous increase of maximum relative error when the ratio changed from 0.22 

to 0.35.  The same trend existed when the different levels (=5 and =10) of imaging 

noise were superposed on the pure simulated image stack series.  The effect of imaging 

noise () on the accuracy of the new method was examined as well. [Figure 6.5(c)]  The 

maximum relative error of the diagonal diffusivities increased with increasing .  When 

the ratios were less than 0.22, the maximum relative errors were less than 4.4% at  = 5, 

while the errors were less than 7% at  = 10.  [Figure 6.5(c)]  
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Figure 6.5 The results for the computer simulated 3D MP-FRAP experiments.  
(a) The capability of new MP-FRAP technique is assessed by five groups of pre-defined 
diffusion tensors with different rotation angles. Overall, the relative errors of D0xx are less 
than 1.80%, and the relative errors of D0yy are less than 1.65%, while the relative errors of 
D0zz are less than 0.77% for all simulated cases, which indicates that the accuracy of the 
new method was not significantly sensitive to the rotation angles.  (b) The maximum 
relative errors of the diagonal diffusion components (i.e., Dxx, Dyy, and Dzz) are used to 
study the effect of shell levels on the accuracies of new MP-FRAP method.  The results 
indicate that the best accuracy was achieved on the shell4.  Therefore, all the analyses in 
other studies were completed on the shell4.  (c) The results of the sampling effect on the 
accuracy of new MP-FRAP method demonstrate that the accuracies decrease when the 
sampling rates decrease.  The accuracies of new MP-FRAP method also decrease when 
the imaging noises increase.  
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6.4.2 Diffusion Measurements in Glycerol/PBS Solutions 

The MP-FRAP technique was applied to determine the 3D diffusion 

measurements of FD500 molecules in the glycerol/PBS solutions with varying 

concentrations (from 75% v/v to 95% v/v).  A typical MP-FRAP image stack series of 

FD500 in 95% glycerol/PBS solution was shown in the Figure 6.6(a). Three ortho-slices 

in the 3D molecular concentration profile were displayed and the dark region represented 

the multiphoton laser induced photobleaching geometry.  This dark region gradually 

diminished during the recovery process over time due to the un-bleached fluorescent 

molecules diffused into this region.   

The results of FD500 diffusion measurements were summarized in the Figure 6.7.  

In each concentration group, there were no significant differences between the diagonal 

diffusion components (i.e., Dxx, Dyy, and Dzz), while the off-diagonal diffusion 

components were all close to zero.  These results demonstrated the diffusion of FD500 

molecules in the glycerol/PBS solutions is isotropic, which means the diffusivities are 

uniform in all orientations.  The traces of diffusion tensor of FD500 molecules in each 

group were compared to study the concentration effect on the average diffusivities (Table 

6.2).  The significant differences (ANOVA, p<0.0001) of traces were found between each 

concentration group and the average diffusivities of FD500 decreased with the glycerol 

concentrations increased. 
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(a) 
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(b) 

 
Figure 6.6 Typical 3D MP-FRAP Z-stack image series of fluorescent solutes for the 
experimental diffusion measurements in the glycerol/PBS solutions (a) and the porcine 
ligament tissues (b).   
For each experiment, typically, 40 stacks of post-bleaching images, plus 1 stack prior to 
photobleaching, are acquired at an approximate rate of 18second/stack. Both (a) and (b) 
show only the central region of the observation volume is photobleached by the 
multiphoton laser and fluorescence recovers completely in the last Z-stack image series 
(t=720s).  
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Figure 6.7 The results for the diffusion measurements in glycerol/PBS solutions indicate 
the diffusion of FD500 molecules is isotropic in these samples.   
In each concentration group, there were no significant differences (ANOVA, p>0.05) 
between the diagonal diffusion components (i.e., Dxx, Dyy, and Dzz), while the off-
diagonal diffusion components are all close to zero.  Additionally, the average 
diffusivities of FD500 significantly decrease (ANOVA, p<0.0001) with the glycerol 
concentrations increase.          
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Table 6.2 The results (Mean ± Standard Deviation) of average diffusivity of FD500 in 
glycerol/PBS solutions with different concentrations. 

 

 75% 80% 85% 90% 95% 
(Dxx+Dyy+Dzz)/3 

(μm2/s) 
0.444±0.015* 0.272±0.012* 0.173±0.026* 0.107±0.002* 0.074±0.003* 

(* means the average diffusivities are significantly different between each concentration 

group) 
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6.4.3 MP-FRAP Experiments on Porcine Ligament Tissues 

The 3D anisotropic diffusion properties of FD70 and FD150 solutes in the porcine 

ligament tissues with optical clearing agent (e.g., glycerol) application were 

experimentally determined by the new MP-FRAP method.  The Figure 6.6(b) showed a 

typical process of MP-FRAP experiment in the tissue specimen (e.g., FD70 and 60% 

glycerol).  The collagen fiber distribution can be observed in the ortho-slices.  

Six components of diffusion tensors of FD70 and FD150 in the ligament tissues 

were calculated by the proposed method and the results were shown in the Figure 6.8(a) 

The first two groups of diffusivities were the results of the FD70 diffusion in tissue 

specimens with two different observation protocols (i.e., X-Alignment and Y-Alignment).  

In the X-Alignment group, the collagen fiber was mainly aligned with X-axis.  The 

results indicated that the Dxx was significantly higher (ANOVA, p < 0.0001) than Dyy and 

Dzz in this group and there was no significant difference (ANOVA, p = 0.884) between 

Dyy and Dzz, while the values of all off-diagonal diffusion components were close to zero.  

In the Y-Alignment group, the FOV was rotated by 90 degree and the fiber orientation 

was primarily aligned along Y-axis.  The results showed that the diffusion along the Y-

axis was significantly faster (ANOVA, p < 0.01) than the other two directions in the Y-

Alignment group and all off-diagonal diffusion components were close to zero as well.  

Furthermore, the third and fourth groups of diffusivities [Figure 6.8(a)] demonstrated that 

the exactly same trends existed in the results of FD150 diffusion in the tissue specimens.  

Thus, the 3D diffusion properties of these two types of FD solutes in the ligament tissue 

slices are anisotropic and the diffusion along the fiber orientation is always the fastest one.   
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The effect of solute size on the diffusion properties of FD in the ligament tissue 

slices was investigated and the results were shown in the Figure 6.8(b).  The FD70 

(0.117±0.023μm2/s, Stokes radius: 6nm) had about 1.4 times higher (t-test, p = 0.002) 

average diffusivity than FD150 (0.081±0.016μm2/s, Stokes radius: 8.5nm) in the ligament 

tissue specimens.    
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Figure 6.8 The results for the diffusion measurements in the porcine ligament tissues 
with optical clearing agent application indicate the diffusions of FD70 and FD150 
molecules are anisotropic in the tissue specimens.   
(a) The diffusion of FD70 and FD150 along the major fiber orientation is faster than the 
other two diffusions transversely to the fiber direction in both X and Y-Alignment 
observation protocols.  (b) The average diffusivity of FD70 in the ligament tissue is 
significantly higher than FD150 due to the solute size effect. 
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6.5 Discussion 

MP-FRAP technique has been well-established to measure the diffusion of 

macromolecules within biological systems.  However, most of MP-FRAP models are 

based on the isotropic diffusion assumption and spatial domain analysis, the 3D 

anisotropic diffusion and frequency domain analysis for MP-FRAP methods are rarely 

studied.  In this study, we have derived a new MP-FRAP model and technique for 

analyzing 3D anisotropic diffusion data by SFA.  We have evaluated this new model by 

using computer-simulated MP-FRAP experiments with 3D anisotropic diffusion and 

experimental diffusion measurements on FD molecules in the glycerol/PBS solutions.  

We have also presented the new MP-FRAP technique in the determination of diffusion 

tensors of FD molecules within the porcine ligament tissues.     

6.5.1 Influence of the Shell Radius and Recovery Data Sampling 

As we mentioned in the theory, the diffusivity ),,( wvuD  can be averaged over the 

shells with different radii in the frequency domain.  Theoretically, the average 

diffusivities on each frequency shell could yield the accurate components of diffusion 

tensors.  However, in the practical implementation of our MP-FRAP technique, the 3D 

continuous fluorescence concentration profiles were digitalized into 3D image stacks 

with discrete intensity grayscales.  The numerical errors occurred when those digital 

image stacks were transformed into frequency domain by SFA.  The extent of these 

errors varied among different frequency shells.  Typically, the higher frequency shells 

suffered more.  Therefore, the use of higher frequency shells (e.g., shell5 and shell6) may 
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not necessarily improve the accuracy of the results for ideal images.[Figure 6.5(b)]  On 

the other hand, the lower frequency shells (e.g., shell1, shell2 and shell3) could have large 

errors due to the less effective data points which could enhance the accuracies of the 

average diffusivities.  Based on our results, it was found that the shell4 was the optimal 

frequency shell.  The similar findings were reported in the previous studies on 2D FRAP 

analysis.[7, 17] 

The initial microscopy systems were designed to image 2D specimens in X-Y 

plane, since the development of confocal and multiphoton scanning microscopy, the 3D 

fluorescence concentration distributions have become more convenient to be acquired.  

Nevertheless, the sampling rate of 3D fluorescence image stacks is still limited because 

the moving speed of scanner in the Z direction is relatively slower than the X-Y 

directions.  For instance, in our experimental MP-FRAP tests, the typical scanning time 

for each 3D image stack was about 18s.  So the fastest diffusion process that can be 

measured is limited by the sampling rate. The Figure 6.5(c) showed the sampling effect 

on the accuracy of MP-FRAP method.  The ratio of ΔT to TD represented the effective 

sampling rate for a certain diffusion process and the smaller ratio meant the faster 

sampling rate.  The bottom dot plus triangle curve showing the results from pure 

simulated image stacks without noise indicated that the accuracy decreased with the ratio 

increased or sampling rate decreased.  There was a tremendous increase of maximum 

relative error when the ratio changed from 0.22 to 0.35.  According to these results, 

diffusion coefficient up to 0.5μm2/s can be accessible by our method due to the limited 

3D sampling rate.  One might also notice from the Figure 6.5(c) that the same trend for 
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the sampling effect existed in the simulated image stack series with different noises (=5 

and =10).  

6.5.2 Simulated and Experimental Validation of Model 

The accuracy and robustness of the new method was firstly assessed by the 

computer simulated MP-FRAP experiments.  As shown in the Figure 6.5(a), the new 

model yielded accurate values for the principal components of diffusion tensors.  Overall, 

the relative errors were less than 1.8% when the pre-defined diffusion tensors were 

rotated at different angles across the 3D space.  It’s worth mentioning that our method 

demonstrated the robustness against the image noises according to the results in the 

Figure 6.5(c).  The dashed square and dashed circle curves in that figure showed the 

maximum relative errors under the image noise conditions.  With the appropriate 

sampling rate, the maximum relative errors were less than 4.4% at  = 5 level, while the 

errors were less than 7% at  = 10 level.   

Furthermore, in order to examine the effect of different bleaching geometries 

(initial conditions) on our method, additional simulation MP-FRAP experiments (results 

not shown) have been completed via creating different shapes (e.g., cylinder and sphere) 

of bleaching volumes.  The components of diffusion tensors in all these simulations were 

calculated correctly, which indicated the bleaching geometry is not necessary to be exact 

cubic.  This is another advantage to implement MP-FRAP technique in the real 

experiments.   

The diffusion measurements on FD molecules in the glycerol/PBS solutions were 

used to validate the MP-FRAP model experimentally.  The results in the Figure 6.7 
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showed the isotropic diffusion of FD500 molecules in the glycerol/PBS solutions with 

varying viscosities.  The average diffusivities (0.44μm2/s and 0.27μm2/s) of FD500 in the 

two types of glycerol solutions (75% v/v and 80% v/v) were comparable to the 

diffusivities (0.60μm2/s and 0.36μm2/s) of the same solute in the glycerol solutions (80% 

w/w and 85% w/w) measured by other MP-FRAP technique.[145]  The minor differences 

were probably caused by the different sample preparation procedures and observational 

volumes.  The trend (Table 6.2) of decreasing the average diffusivities with increasing 

the glycerol concentrations was in agreement with the relationship between diffusivity 

and viscosity, which is defined in the Stokes-Einstein equation.  

6.5.3 Application Example on Solute Diffusion in Ligament Tissue 

The measurements of the 3D diffusion of FD molecules in the porcine ligament 

tissues were shown in the Figure 6.8(a) as an example of our MP-FRAP technique.  We 

have applied this new technique to demonstrate the presence of 3D diffusional anisotropy 

of FD molecules in porcine ligament tissues.  Diffusion coefficients of FD70 and FD 150 

were significantly higher in a direction parallel to the collagen fibers in both X-

Alignment and Y-Alignment testing protocols.   Diffusional anisotropy could commonly 

be represented by the ratio of diffusivity along the fiber orientation to the diffusivity 

perpendicular to the fiber orientation.  We found the anisotropic value of 2.1 for FD70 in 

the porcine ligament tissue with 60% glycerol application and value of 2.2 for FD150 

under the same testing condition.  In the previous study [85] using Fluorescence Imaging 

of Continuous Point Photobleaching (FICOPP), an anisotropic value of 2.2 was found for 

FD500 in the porcine ligament tissue without glycerol solutions.  Other techniques have 
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been also utilized to investigate the diffusional anisotropy of different solutes in other 

types of tissues [e.g., mouse spinal cord [84], porcine knee cartilage [85], bovine annulus 

fibrosus in the IVD [14], and bovine meniscus [17]].  A brief summary and comparison 

of those studies was shown in the.  It was found that the diffusional anisotropy is very 

strong in the mouse spinal cord and bovine meniscus tissues probably due to the 

existence of highly aligned fibers.   

A 63×/1.3NA water immersion objective was used to observe the fluorescence 

intensity in the spatial volume of 102×102×102μm3.  Due to the strong light scattering in 

the ligament tissue slices, the depth of multiphoton imaging with good contrast and signal 

to noise ratio (SNR) is limited.  Therefore, one type of optical clearing agents (OCAs), 

glycerol, was applied to reduce the scattering and significantly enhance the light 

penetration depth and SNR of deep-tissue imaging [187, 188].  Additionally, the use of 

glycerol in the testing model also slowed down the diffusion of FD molecules, which 

allowed the multiphoton microscopy system to fully capture the 3D fluorescence 

recovery processes by a limited sampling rate (18s/stack).  Even though the application of 

glycerol may change the biochemical properties of ECM in the ligament tissues, the 

diffusion of FD molecules is not likely to be effected by the binding reactions due to their 

uncharged and biologically inert nature.  The results shown in the Figure 6.8(b) 

demonstrated the size effect on the solute diffusion properties.  The ratio (1.44) of two 

average diffusivities was in agreement with the ratio (1.42) of two stocks radii, indicating 

the Stocks-Einstein equation is satisfied in our testing model and further verifying the 

solute diffusion properties could still be characterized by Fick’s laws of diffusion.   
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Table 6.3 The comparison of diffusional anisotropies of fluorescent solutes in the 

varying types of biological tissues. 

 

Reference Solute Tissue Anisotropy 
84 FD70 Mouse spinal cord 5 

85 FD3 Porcine ligament tissue 1.3 

85 FD3 Porcine knee cartilage 1 

85 FD500 Porcine ligament tissue 2.2 

85 FD500 Porcine knee cartilage (surface) 1.5 

14 Fluorescein(332Da) Bovine annulus fibrosus in the IVD 1.5 

17 Fluorescein(332Da) Bovine meniscus 3 

Chapter 6 FD70 Porcine ligament tissue with glycerol  2.1 

Chapter 6 FD150 Porcine ligament tissue with glycerol  2.2 
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6.6 Conclusion 

To our knowledge here, we have proposed a new MP-FRAP technique for 

determining 3D anisotropic diffusion at the tissue level.  A closed-form solution for 3D 

anisotropic diffusion equation was derived by using SFA.  The new method was validated 

by analyzing computer simulated MP-FRAP data and qualifying the diffusion properties 

of FD500 in the glycerol solutions.  Quantitative analysis of 3D MP-FRAP experiments 

in the ligament tissues was demonstrated as an in-vitro application of our technique.  The 

features of SFA-based FRAP techniques have been discussed in the previous 2D studies 

[15, 16] and they all persist in the new 3D method.  For instance, first, the boundary and 

initial conditions for this analysis are flexible, so bleaching volume could be any 3D 

geometries and the real first recovery image stack right after photobleaching is not 

required for the calculation.  Second, the diffusion tensor can be calculated without 

measuring the point spread function or optical transfer function of the microscope.[16]  

Due to these features, our technique can be conveniently carried out on a commercial 

MPLSM for the diffusion measurements.   

On the other hand, the current 3D sampling rate of MPLSM limits the capability 

of our technique to a slow diffusion measurement.  However, a few studies [189, 190] 

have been done to show the development of various high-speed multiphoton imaging 

techniques which may acquire 3D images in real time (30 frames/s).  By incorporating 

these techniques, the capabilities and applications of our method could be significantly 
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enhanced and broadened.  Therefore, the development of 3D MP-FRAPa technique with 

high-speed fluorescence imaging technique could be the next step of our study. 
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CHAPTER 7 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Conclusions 

Cartilaginous tissue is a connective tissue composed of specialized cells (e.g., 

chondrocytes and fibroblasts) that produce a large amount of extracellular matrix (ECM), 

which is comprised mostly of collagen fibers, abundant ground substance rich in 

proteoglycan, and elastic fibers.  It is characterized by its avascular structures within the 

tissue, implying that nutrition for normal tissue cells and maintaining a healthy ECM, is 

mainly supplied through diffusion from nearby vascularized tissues and synovial fluid.  

Poor nutritional supply to the cartilaginous tissue is believed to be an important factor 

leading to tissue degeneration.  Moreover, due to the complex collagen fiber structures, 

the solute diffusion properties in the cartilaginous tissues are mainly anisotropic (i.e., 

orientation dependent).  Therefore, the determination of nutrient solute anisotropic 

diffusion properties is crucial for understanding the mechanism of nutrient transport in 

the cartilaginous tissues.  Furthermore, characterization of the solute diffusive transport 

properties in cartilaginous tissues will delineate the relationship between solute diffusion 

and tissue morphology for further understanding the pathophysiology and etiology of 

tissue dysfunction and degeneration.   

Fluorescence recovery after photobleaching (FRAP) is a versatile and widely used 

tool for the determination of local diffusion properties within solutions, cells, and tissues.   

Due to its high spatial resolution, FRAP techniques offer the possibility to 

microscopically examine a specific region of a sample.  However, there is a lack of 
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techniques which can determine the two-dimensional (2D) and three-dimensional (3D) 

anisotropic solute diffusion properties in the cartilaginous tissues.  

Based on the above requirements, this dissertation was focused on (1) the 

development of a novel 2D FRAP technique to determine the anisotropic solute diffusion 

tensors in porcine temporomandibular joint (TMJ) disc, (2) the investigation on the 

relationship between solute anisotropic diffusion properties and tissue morphology in the 

TMJ disc, and (3) the development of a novel 3D FRAP technique with multiphoton 

photobleaching and spatial Fourier analysis (SFA) to characterize the local 3D 

anisotropic solute diffusion properties in the tissue samples.  To achieve those research 

aims, three major studies were performed in this dissertation, including (1) the 

development and validation of new 2D FRAP technique as well as the application of this 

new diffusion technique in cartilaginous tissues (Chapter 4), (2) the determination of 

solute anisotropic diffusion properties by using new FRAP technique and the 

examination of tissue morphology by using scanning electron microscopy (SEM) in 

cartilaginous tissues (Chapter 5), and (3) the development and validation of new 3D 

multiphoton based FRAP (MP-FRAP) technique as well as the application of this new 3D 

diffusion technique in collagenous tissues (Chapter 6).  Computer simulated diffusion 

experiments with finite element method (FEM) and solute diffusion studies in the 

glycerol/PBS solutions were used to validate the new 2D and 3D FRAP techniques.  The 

research interest was mainly focused on the TMJ disc.  The most important findings of 

each study are summarized below. 



 

195 
 

7.1.1  Development of 2D FRAP technique solely based on SFA 

In this study, a new FRAP method solely based on the SFA of post-bleaching 

(recovery) images was developed to completely determine the 2D anisotropic diffusion 

tensor in hydrated soft tissues.  This method was used to determine the region-dependent 

and anisotropic diffusion tensors in porcine TMJ discs.   
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                                            (7.1) 

The major innovations of this study included the derivation of a close-form 

solution for the 2D diffusion equation by solely using Fourier transform and the 

determination of three independent components of the 2D diffusion tensor by using 

equation (7.1).  The new theory was implemented by writing codes in MATLAB and 

validated by computer simulated FRAP experiments indicating the high accuracy and 

robustness of our new technique.  For instance, the relative errors of Eig_MinD  were less 

than 1.5% and the relative errors of Eig_MaxD  were less than 1% for all simulation cases.  It 

was shown that this technique also had more robustness against the imaging noise when 

compared with other similar techniques.  The new method was applied to determine the 

2D diffusion tensor of 4kDa FITC-Dextran (FD) in porcine TMJ discs.  The average 

characteristic diffusivity of 4kDa FD across the disc was 26.05 ± 4.32 μm2/s which is 

about 16% of its diffusivity in water.  In the anteroposterior direction, the anterior region 



 

196 
 

(30.99 ± 5.93 μm2/s) had significantly higher characteristic diffusivity than the 

intermediate region (20.49 ± 5.38 μm2/s) and posterior region (20.97 ± 2.46 μm2/s).  The 

ratio of the two principal diffusivities represented the anisotropy of the diffusion and 

ranged between 0.45 and 0.51 (1.0 = isotropic).  It was found that the diffusion of this 

solute in TMJ discs was inhomogeneous and anisotropic.  These findings suggested that 

diffusive transport in TMJ disc is dependent upon tissue composition (e.g., water content) 

and structure (e.g., collagen orientation). 

This study provided a new method to quantitatively investigate the relationship 

between transport properties and tissue composition and structure.  The obtained 

transport properties are crucial for future development of numerical models studying 

nutritional supply within the TMJ disc. 

7.1.2 Investigation on anisotropic solute diffusion and tissue morphology 

In this study, TMJ discs from eleven pigs aged 6-8 months were divided into five 

regions: anterior, intermediate, posterior, lateral, and medial.  The transport properties 

and tissue morphology were investigated in three orthogonal orientations: anteroposterior, 

mediolateral, and superoinferior.  The anisotropic diffusivity of fluorescein (Molecular 

weight: 332 Da) in the right discs was determined by the FRAP protocols.  The tissue 

morphology in the left discs was quantified by the scanning electron microscopy. 

The tissue morphology study demonstrated that the collagen fibers in the TMJ 

disc aligned anteroposteriorly in the medial, intermediate and lateral regions while 

aligning mediolaterally in the posterior region.  Interestingly, fibers aligned in both 

anteroposterior and mediolateral directions were found in the anterior region of the TMJ 
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disc. (Figure 7.1)  The diffusivities of fluorescein in the TMJ disc were significantly 

anisotropic, except the anterior region.  In the medial, intermediate, and lateral regions, 

the diffusion along the fiber orientation (i.e., anteroposterior direction) was significantly 

faster than the diffusion in mediolateral and superoinferior directions.  In the posterior 

regions, the diffusion along the fiber orientation (i.e., mediolateral direction) was 

significantly faster than the diffusion in anteroposterior and superoinferior directions.  

The diffusion in the anterior was mostly isotropic, likely due to the multi-directional fiber 

arrangements. (Figure 7.1)  Furthermore, the degree of diffusional anisotropy was 

correlated to the degree of collagen fiber alignment.  The anterior region had the highest 

mean diffusivity [65.6 (49.3-81.8) μm2/s] in the disc due to its high water content.  The 

overall average diffusivity of fluorescein cross the TMJ disc was 57.0 (43.0-71.0) µm2/s.  

This study has provided a baseline investigation in the relationship between solute 

transport properties and tissue morphology.  Both FRAP and SEM techniques were 

utilized to determine the 3D solute diffusion properties and collagen fiber orientations, 

respectively.  It was found that the diffusion of fluorescein in the TMJ disc was 

anisotropic and inhomogeneous, which suggested that tissue structures (i.e., the collagen 

fiber alignment) and composition (e.g., water content) could be key factors that affect the 

solute diffusion properties within TMJ discs. 
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Figure 7.1 Schematic of the relationship between solute diffusion orientations and tissue 
morphology in the TMJ discs.  
In the medial, intermediate, lateral and posterior regions, the diffusion is anisotropic and 
the main diffusion directions are aligned with the fiber orientations, but in the anterior 
region, the diffusion is mostly isotropic due to the multi-directional fiber arrangement. 
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7.1.3 Development of 3D anisotropic diffusion by MP-FRAP technique 

Due to the complex 3D ECM structures found in chapter 5, it’s believed that the 

solute diffusion is 3D anisotropic in most cartilaginous tissues.  However, there is no 

FRAP technique available to characterize the 3D anisotropic diffusion properties.  

Therefore, we have proposed a new MP-FRAP technique for determining 3D anisotropic 

diffusion in cartilaginous tissues.  A closed-form solution for the 3D anisotropic diffusion 

equation was derived by using SFA as shown in the equation (7.2). 
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     (7.2) 

All the components of 3D diffusion tensor were obtained by averaging the diffusivities 

over a shell of a spherical surface in the frequency domain.   

The new method was well validated by analyzing computer simulated MP-FRAP 

data, the relative errors of D0xx were less than 1.80%, and the relative errors of D0yy were 

less than 1.65%, while the relative errors of D0zz were less than 0.77% for all simulated 

cases.  These results indicated that the new 3D diffusion measurement technique had a 

high accuracy which was not significantly sensitive to the rotation angles (i.e., 1 , 2 , and 

3 )
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The diffusion measurements on FD molecules in the glycerol/PBS solutions were 

used to validate the new MP-FRAP method experimentally.  The results showed the 

isotropic diffusion of FD with molecular weight of 500kDa (FD500) molecules in the 

glycerol/PBS solutions with varying viscosities.  The average diffusivities (0.44μm2/s and 

0.27μm2/s) of FD500 in the two types of glycerol solutions (75% v/v and 80% v/v) were 

comparable to the diffusivities (0.60μm2/s and 0.36μm2/s) of the same solute in the 

glycerol solutions (80% w/w and 85% w/w) measured by other MP-FRAP technique.  

The trend of decreasing the average diffusivities with increasing the glycerol 

concentrations was in agreement with the relationship between diffusivity and viscosity, 

which is defined in the Stokes-Einstein equation. 

Quantitative analysis of 3D MP-FRAP experiments in the ligament tissues was 

demonstrated as an in vitro application of our technique.  The results demonstrated that 

the 3D diffusion properties of two types of FD solutes (FD70 and FD150) in the ligament 

tissue slices were anisotropic and the diffusion along the fiber orientation was always 

faster than the other two directions.  The effect of solute size on the diffusion properties 

of FD in the ligament tissue slices was also found.  The FD70 (0.117±0.023μm2/s, Stokes 

radius: 6nm) had about 1.4 times higher (t-test, p = 0.002) average diffusivity than FD150 

(0.081±0.016μm2/s, Stokes radius: 8.5nm) in the ligament tissue specimens. 

The advantages of this new MP-FRAP technique also have been discussed in this 

study.  For instance, first, the boundary and initial conditions for this analysis are flexible, 

so bleaching volume could be any 3D geometry.  Next, the real first recovery image stack 

right after photobleaching is not required for the diffusion tensor calculation.  Moreover, 
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the diffusion tensor can be calculated without measuring the point spread function or 

optical transfer function of the microscope.  Due to these features, our technique can be 

conveniently carried out on a commercial multiphoton laser scanning microscope 

(MPLSM) for the 3D anisotropic diffusion measurements. 

7.2 Future directions 

The ultimate research goals of this project were to elucidate the pathophysiology 

and etiology of human cartilaginous tissues dysfunction and degeneration as well as to 

develop new strategies for effective diagnostic procedures of cartilaginous tissue 

degeneration and new treatments for restoring tissue function or retarding further tissue 

degeneration.   Although the cartilaginous tissues from porcine specimens have been 

tested to study diffusion properties, the determination of the solute diffusivity on human 

cartilaginous tissues is also needed in the future study of this project.   Other future 

directions of this project are discussed in the following sections. 

7.2.1 Incorporating high-speed fluorescence imaging techniques into MP-FRAP  

The current 3D fluorescence imaging acquisition speed (i.e., sampling rate) of 

MPLSM limits the capability of our technique to a slow diffusion measurement.  

According to the results, only diffusion coefficient up to 0.5μm2/s can be accessible by 

our method due to this limitation.  However, a few studies [189-196] have been done 

recently to show the development of various high-speed fluorescence 

(confocal/multiphoton) imaging techniques which have significantly improved the 

acquisition speed of 3D Z-stack image series in fluorescence imaging system.  For 

example, instead of using single focal plane, Ram S. et al. developed high-speed 3D 
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fluorescence imaging modality by using multifocal plane microscopy.  In the future, by 

incorporating these advanced high-speed fluorescence imaging techniques into our 3D 

MP-FRAP method, the capabilities and applications of our method could be significantly 

enhanced and broadened. 

7.2.2 Investigating diffusion in cartilaginous tissues by using other imaging modalities 

Currently, magnetic resonance imaging (MRI) and computed tomography (CT) 

are the dominantly routine clinical imaging modalities diagnosing the cartilaginous tissue 

degeneration (e.g., TMJ disc and lumbar IVD degeneration).[197, 198]  However, most 

current diagnostic strategies mainly focus on the evaluation of tissue morphology (e.g., 

tissue height), which are not effective to diagnose the tissue degeneration in the early 

stage.   Recently, a few studies have started to investigate the changes of diffusion 

properties during the tissue degeneration process by using diffusion tensor imaging (DTI) 

and aimed to develop new diagnostic tools which are sensitive to the early-stage 

detection for IVD tissue degeneration. [167, 199, 200]   Interestingly, a pilot study has 

been conducted in our lab to determine the diffusion properties of sodium iodide (NaI) in 

the hydrogel and IVD tissue samples by using micro-CT (μCT) imaging system and more 

importantly the 3D diffusion tensors of NaI in these samples can be calculated by using 

our mathematical theory for 3D MP-FRAP technique.  Therefore, studying the solute 

diffusion properties in cartilaginous tissues in vivo by using DTI or CT related modalities 

may lead to translational applications for the FRAP techniques developed in this 

dissertation.   
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