
 

1 

EXPLORATION OF MAGNETIC RESONANCE MICROSCOPY:  
FROM CELLULAR STRUCTURES TO SUBCELLULAR STRUCTURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

CHOONG HEON LEE 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2012 



 

2 

 

 

 

 

© 2012 Choong Heon Lee 
 
 

 



 

3 

 

 

 

To my family  
 
 
 

 



 

4 

ACKNOWLEDGMENTS 

I would like to thank the many people who contributed directly and indirectly to this 

work. Most of all, I have deeply indebted to my advisor, Dr. Stephen Blackband, my 

mentor and my friend who entrusted to me a rich vein of research and time to play with 

MR equipment and give me insights and lessons beyond science and laboratory 

experience. His time of advising and teaching me in Blackband lab was tremendously 

entertaining and gave me an unlimited opportunity to work with many projects and 

excellent senior personnel and explore my interests as well.  His ability to offer 

thoughtful questions and helpful suggestions as well as easygoing nature and witty 

sense of humour made many casual coffee and lunch talks on any topic in any areas. 

Not to mention all the experiments and experiences where all the excitement was hide. 

Dr. John Forder, my committee member and friend, enabled me to develop and discuss 

ideas in a truly scientific and supportive environment. His biological expertise and 

insights have been an inspiration and he gave many helpful suggestions on any topic.  

Also I would like to thank my advisor Dr. Jenshan Lin for his invaluable guidance 

through my graduate studies and useful discussions. I would like to Dr. Huikai Xie for 

important opportunity to access the OCT equipment and insightful discussions. I would 

like to thank Dr. Glenn Walter for his exertions teaching me about the diaphragm and 

skeletal muscle sample for the MR scan analysis. I would also like to thank Dr. Lisa 

Guay-Woodford at the University of Alabama at Birmingham for the extraordinary 

generosity she has shown towards me. She has given the kidney and liver samples, 

welcomed my ideas with open arms, and provided the histological data for validation.  

I would like to thank all the former postdoc members in Blackband lab. These 

include Drs. Jonathan Bui, Timothy Shepherd, Peter Thelwall, Samuel Grant, and Kyle 



 

5 

Padgett. They were role models for me to think like a real scientist and show 

themselves how to deal with scientific questions with patience and commitment. The 

members of AMRIS’ support staff including Barbara Beck, Daniel Plant, James Rocca, 

Kelly Jenkins, and Xeve Silver also deserve my thanks for his warmness and a source 

of encouragement and friendship throughout my time in AMRIS. Especially I thank Dan 

Plant for being a source of encouragement and telling me about fishing and the 

importance of having ‘the keepers’. I would like to thank my parent who did a good job 

of emphasizing doing well in school and setting my goals high. 

Jeremy Flint is my friend in the lab and he has a magical ability to explore the 

biological topics together which I have had a difficulty in swallowing them at first. He has 

a very kind personality and is all the time pleasure with whom to work. I would like to 

thank for editing and advice in biological content. I am grateful to Min-sik Hwang who 

led me to launch my ride on the MR researching track and with his kindness and 

encouragement, he is all the time a good friend. I would like to thank Sharon Portnoy for 

helping in resolving issues in the MR machine, editing my dissertation especially 

technical areas, and her long-time job experience was also a good source for career 

advice. I would like to thank Dr. Brian Hansen for his collaboration on the performing our 

MATLAB-based DTI and DTT analysis. Also, I would like to offer a special thanks to Dr. 

Peter Vestergaard-Poulsen for his support and inspiration of my research as 

collaborative efforts.  

Especially I would like to thank my mother who is now in heaven but in my mind all 

the time. She believed in me and encouraged me all the time to attend graduate school 

with countless care. I thank my brother, Choong Suk, for helping me through keeping 



 

6 

my role even when my mother was not in good health. Also I thank my brother, Choong 

Yeop, for being a good friend.  

I would thank for my friends and colleagues at UF, in particular Sewoon Choe and 

Hyochul Ahn, for all extra work and being on my side to help me push through when I 

was in difficult times.   



 

7 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES .......................................................................................................... 11 

LIST OF FIGURES ........................................................................................................ 12 

ABSTRACT ................................................................................................................... 16 

CHAPTER 

1 BACKGROUND AND SIGNIFICANCE ................................................................... 18 

Overview of Magnetic Resonance Imaging (MRI) system ...................................... 18 
Background and Motivation for Magnetic Resonance Microscopy .......................... 19 

Types of RF Coils ................................................................................................... 20 
Principles of Magnetic Resonance Imaging ............................................................ 23 
Theory of SNR ........................................................................................................ 25 

Calculation of SNR ........................................................................................... 25 
Sources of Noise .............................................................................................. 26 

Avenues for Noise Reduction ........................................................................... 28 
High Field Effects ............................................................................................. 28 

Spin Excitation, Relaxation, and Signal Detection .................................................. 30 

Spin Excitation .................................................................................................. 30 
Spin Relaxation ................................................................................................ 30 

Signal Detection ............................................................................................... 31 
Gradient Coil: Its role in Image Formation and the Resolution Limits ..................... 32 

Considerations for High-Resolution Images ..................................................... 32 
Limitations of Resolution and Gradient Requirements ..................................... 34 

T2 -limited resolution .................................................................................. 34 

Bandwidth-limited resolution ...................................................................... 34 
Diffusion-limited resolution ......................................................................... 35 

Diffusion-based Contrast Mechanism ..................................................................... 38 
Diffusion Weighted Imaging .............................................................................. 38 
Compartmentation Issues ................................................................................. 41 

Diffusion Tensor Imaging ........................................................................................ 42 
Anisotropy Index ............................................................................................... 44 
High Angular Resolution Diffusion Imaging (HARDI) ........................................ 45 

2 MAGNETIC RESONANCE MICROSCOPY OF SUBCELLULAR STRUCTURE 
IN XENOPUS LAVIS OOCYTES ............................................................................ 58 

Introduction ............................................................................................................. 58 
Methods .................................................................................................................. 63 

Sample Preparations and Protocols ................................................................. 63 



 

8 

Immersion fixed samples ........................................................................... 63 

Immersion of fixed samples in agarose and slice preparation.................... 64 
Magnetic Resonance Microscopy Imaging with Sample Retaining 

Apparatus ...................................................................................................... 64 
Image Analysis and Validations ........................................................................ 65 

Results .................................................................................................................... 66 
Discussion .............................................................................................................. 69 
Conclusions and Future Work ................................................................................. 71 

3 REVEALING SUBCELLUAR ARCHITECTURE AND INTRACELLULAR 
DIFFUSION CONTRAST FROM L7 NEURONS OF APLYSIA CALIFORNICA ...... 85 

Introduction ............................................................................................................. 85 

Benefits of Using This Animal ........................................................................... 85 
Novelty of the Current Study ............................................................................ 86 

Methods .................................................................................................................. 89 

Sample Preparation and Protocols ................................................................... 89 
Sample Positioning and Magnetic Resonance Microscopy .............................. 90 

Image Analysis and Histological Comparisons ................................................. 91 
Results .................................................................................................................... 92 

Delineation of Subcellular Architecture in a Neural Cell of A. californica 
using MR-Detectable Contrast Employing Novel Methodologies of 
Sample Preparation ...................................................................................... 92 

Histological Confirmation of the MR-delineated Subcellular Architecture of a 
Single Cell of A. californica ............................................................................ 94 

Preliminary Studies to Determine MR Contrast and Intracellular Water 
Diffusion out of the (Sub) Cellular Architecture of a Single Cell of A 
californica using Diffusion MRM .................................................................... 95 

Preliminary Studies to Investigate the Fixation Effects on the (Sub) Cellular 
Architecture of a Single A. californica Neuron. .............................................. 96 

Discussion .............................................................................................................. 97 
Novel Methodology in Sample Preparation ...................................................... 97 
Compartmentation Issues ................................................................................. 98 

Enhanced SNR and Resolution by Updating Hardware ................................. 102 
Glia’s Role in Cell Swelling ............................................................................. 103 

Conclusions and Future Work ............................................................................... 103 

4 MAGNETIC RESONANCE MICROSCOPY OF RAT, PIG, AND HUMAN 
NEURONS ............................................................................................................ 122 

Introduction ........................................................................................................... 122 
Methods ................................................................................................................ 126 

Sample Preparation and MRM Imaging ......................................................... 126 
MR Pulse Sequence ....................................................................................... 127 

Image Analysis and Structural Validation ....................................................... 128 
3D Segmentation and Reconstruction ............................................................ 129 

Results .................................................................................................................. 130 



 

9 

Delineation of Cellular Architecture of Mammalian Brain Cells in the CNS 
Tissue of Rats using MR Microscopy using Novel Micro Surface-coils and 
3D Visualization .......................................................................................... 130 

Confirmation of the Delineated Cellular Architecture of Neural Tissues with 
Corresponding Histological Validation using MR Microscopy ...................... 132 

Delineation of Neural Processes in Pig Spinal Cord Employing MR 
Microscopy Techniques and Micro Surface-coils ........................................ 133 

Preliminary Evidence of Intracellular Compartmentation and How This 
Relates to Fast and Slow Diffusing Water Pools Inside the Human 
Neuronal Cell Utilizing Micro Surface-coils.................................................. 133 

Discussion ............................................................................................................ 134 
Considerations When Imaging Human and Mammalian Cells........................ 134 
Compartmentation Issues ............................................................................... 135 

Cell Swelling ................................................................................................... 136 
Conclusions and Future Work ............................................................................... 137 

5 DIFFUSION TENSOR MICROSCOPY OF THE CELLULAR STRUCTURE OF 
KIDNEYS AND LIVER IN THE AUTOSOMAL RECESSIVE POLYCYSTIC 
KIDNEY DISEASE (ARPKD) MOUSE MODEL .................................................... 147 

Introduction ........................................................................................................... 147 

Structure and Function of the Kidneys and Liver ............................................ 148 
Gross Anatomy of the Kidney ......................................................................... 149 

Microscopic Anatomy of the Kidney ............................................................... 149 
Introduction to Polycystic Kidney Disease, PKD ............................................. 151 

Rationale for Investigation of the Cellular Domain .......................................... 153 
Utilization of cpk Mice ..................................................................................... 154 

Contributions of MRI ....................................................................................... 154 

Significance of Volumetrics ............................................................................ 156 
Methods ................................................................................................................ 157 

Wild Type and Mutant Mouse Liver and Kidney ............................................. 157 
Volume Measurements by Water Displacement, MRM, and Correlative 

Histopathology of ex vivo Livers and Kidneys ............................................. 158 

Micro Surface-coil Imaging for Micro Structural Information and Correlation 
with Histopathology of ex vivo Tissues of Both Types of Livers and 
Kidneys ....................................................................................................... 160 

Results .................................................................................................................. 161 

MRM Analysis of Wild-Type and Mutant Mouse Kidneys ............................... 161 
MRM Analysis and 3-D Segmentation of the Biliary Architecture in Wild-

Type and Mutant Mouse Livers ................................................................... 162 
MRM Analysis of Fixed Kidneys Using Micro Surface-Coils ........................... 163 

Discussion ............................................................................................................ 164 

Volume Measurements by Water Displacement, MRM and Correlative 
Histopathology of Fixed Livers and Kidneys ................................................ 164 

Magnetic Resonance Microscopy of Fixed Kidneys ....................................... 166 
Conclusions and Future Work ............................................................................... 167 

Diffusion Tensor Tractography of Nephron Structures ................................... 168 



 

10 

Volume Comparison between Normal and Mutant Kidneys and Liver at 
Various Stages of Disease Onset and Progress ......................................... 168 

Observation of Collecting Duct Dilation .......................................................... 169 

6 MR MICROSCOPY OF SKELETAL MUSCLE CELLS IN HEALTHY AND 
DYSTROPHIC DIAPHRAGM DISEASE MODEL MICE ........................................ 180 

Introduction ........................................................................................................... 180 
Structure of Skeletal Muscle in the Diaphragm ............................................... 180 
Duchenne Muscular Dystrophy, a Lethal Muscle Wasting Disease ................ 181 

A Rat Model of the Disease, X-linked Muscular Dystrophy (MDX) ................. 182 
Imaging of a Single Muscle Cell ..................................................................... 183 
Potential Contributions of MRM into the Monitoring and Treatment of DMD .. 184 

Limitations of Current Treatment Options for DMD and Potential 
Contributions of MRM to Therapeutic Treatments ....................................... 185 

Methods ................................................................................................................ 186 

Sample and Slice Preparation ........................................................................ 186 
Magnetic Resonance Microscopy ................................................................... 186 

Results .................................................................................................................. 187 
MR Microscopy of Healthy and Dystrophic Diaphragm, and Microstructural 

Information in the Transverse Plane. .......................................................... 187 

MR Microscopy of Healthy and Dystrophic Diaphragm in the Coronal Plane. 189 
Discussion ............................................................................................................ 190 

MRM Imaging of the Healthy and Diseased Diaphragm ................................. 190 
Conclusions .......................................................................................................... 193 

7 CONCLUSIONS AND FUTURE WORKS ............................................................. 211 

Conclusions .......................................................................................................... 211 
Future Works ........................................................................................................ 213 

LIST OF REFERENCES ............................................................................................. 215 

BIOGRAPHICAL SKETCH .......................................................................................... 237 



 

11 

LIST OF TABLES 

Table  page 
 
1-1 Comparison between a micro-5 gradient, and a planar gradient. ....................... 57 

3-1 Osmoliarity of artificial sea water, anaesthesia, and body fluid of A.californica 105 

5-1 Volumetric analysis of wild-type kidney volumes .............................................. 179 

5-2 Volumetric analysis of mutant kidney volumes. ................................................ 179 

5-3 Volumetric analysis of wild-type liver ................................................................ 179 

5-4 Volumetric analysis of mutant liver ................................................................... 179 

 
 



 

12 

LIST OF FIGURES 

Figure  page 
 
1-1 Schematic of RF volume coils ............................................................................ 48 

1-2 Schematic of RF micro-coils.. ............................................................................. 49 

1-3 Schematic of gradient echo pulse sequence.. .................................................... 50 

1-4 Schematic of spin echo pulse sequence.. .......................................................... 51 

1-5 Schematic of a diffusion weighted pulse sequence and the corresponding 
MR signal characteristics. ................................................................................... 52 

1-6 Schematic of transmitting and receiving the RF signal on resonance.. .............. 53 

1-7 Pictures of a micro planar gradient. .................................................................... 54 

1-8 Schematic of water diffusion in an isotropic and an anisotropic medium.. .......... 55 

1-9 Schematic of comparison between DTI and HARDI. .......................................... 56 

2-1 Representative photograph of the 500 μm surface micro-coil.. .......................... 73 

2-2 Light microscopy images of a frog ovum.. .......................................................... 74 

2-3 Light microscopy image of nucleus of frog ovum and schematic of the 
subnuclear constituents.. .................................................................................... 75 

2-4 Schematic of cellular structure of frog ovum and the protocol of sample   
preparation.. ....................................................................................................... 76 

2-5 Direct comparison between cellular compartments in MRM and histology 
images. ............................................................................................................... 77 

2-6 Direct comparison between cellular compartments in MRM and histology 
images ................................................................................................................ 78 

2-7 Comparative analysis between MRM and histology images. .............................. 79 

2-8 A series of T2-weighted MRM. ............................................................................ 80 

2-9 A series of 3D GE MRM with different resolution.. .............................................. 81 

2-10 A series of 3D GE MRM with different resolution and TR.. ................................. 82 

2-11 Comparative analysis between MRM and histology images ............................... 83 



 

13 

2-12 Representative histological image of frog ovum stained with DAPI.. .................. 84 

3-1 Schematic of an animal cell.. ............................................................................ 106 

3-2 Schematic of an Aplysia ganglion.. ................................................................... 107 

3-3 Schematic of internal structure of ganglion. ...................................................... 108 

3-4 Schematic of sample preparation protocol.. ..................................................... 109 

3-5 Schematic of sample placement in the sample well embedding the RF coil. .... 110 

3-6 Direct correlation of Aplysia neuron morphology in MRM and histology 
images.. ............................................................................................................ 111 

3-7 Potential subnuclear structure of single neurons in MRM. ................................ 112 

3-8 Representative 3D gradient echo MRM of the bisected model of the biggest  
single neurons.. ................................................................................................ 113 

3-9 3D gradient echo MRM of bisected model of single neurons illustrating MR-
detectable unknown intracellular structures under investigation. ...................... 114 

3-10 Diffusion weighted images of slice of the big single neurons embedded in the 
agarose.. .......................................................................................................... 115 

3-11 Direct correlation of cellular architecture of single neurons of A. californica in 
MRM and histology images.. ............................................................................ 116 

3-12 3D reconstructed image of single neurons.. ..................................................... 117 

3-13 Diffusion tensor images and reconstructed diffusion tensor images of single 
neurons ............................................................................................................ 118 

3-14 Direct correlation of single neuron in diffusion-weighted MRM images, ADC 
maps and histology images. ............................................................................. 119 

3-15 Direct correlation of a slice of single neurons in MRM and histology images. .. 120 

3-16 Pre-fixed and post-fixed single neurons in MRM.. ............................................ 121 

4-1 Schematic diagram of sample placement in the sample well on top of RF 
coil.. .................................................................................................................. 138 

4-2 MRM of rat striatal tissue. ................................................................................. 139 

4-3 3D segmentation image of the striatal tissue.. .................................................. 140 

4-4 False-colored light microscopic image of rat cerebellum.. ................................ 141 



 

14 

4-5 Direct correlation of ectopic Purkinje cells of the WM of cerebellum in MRM 
and histology images.. ...................................................................................... 142 

4-6 Ectopic Purkinje cells of the WM of cerebellum in diffusion-weighted MRM 
images with different b-values.. ........................................................................ 143 

4-7 MR images of -motor neuron cell bodies from human spinal cord (D, E, F) 
and its corresponding correlative histology (A, B, C).. ...................................... 144 

4-8 MRM images of neuronal process in the ventral horn of the pig spinal cord in 
MRM and 3D visualization.. .............................................................................. 145 

4-9 Direct correlation of ectopic Purkinje cell in the dorsal horn of the human 
spinal cord in MRM and histology images.. ...................................................... 146 

5-1 2D MSME MRM of normal kidneys in axial direction.. ...................................... 170 

5-2 3D FLASH images of a normal kidney.. ............................................................ 170 

5-3 2D MSME MRM of a normal kidney in coronal direction. ................................. 171 

5-4 2D diffusion-weighted MRM of a mutant kidney in axial direction.. ................... 172 

5-5 3D GE MRM of a mutant kidney.. ..................................................................... 173 

5-6 Representative images of volume visualization using AMIRA. A) Wild-type 
kidneys. B) Mutant kidney using AMIRA.. ......................................................... 174 

5-7 Volume visualization of both types of mouse liver using AMIRA and histology 
images.. ............................................................................................................ 175 

5-8 Delineation of cellular structures in a kidney slice in MRM.. ............................. 176 

5-9 Direct correlation of medullar region of the kidney in MRM and histology 
images.. ............................................................................................................ 177 

5-10 Direct correlation of medullar-cortex region of the kidney in MRM and 
histology images.. ............................................................................................. 178 

6-1 Schematic of the diaphragm.. ........................................................................... 194 

6-2 Schematic of the muscle system.. .................................................................... 195 

6-3 Schematic of sample placement in the sample well.. ....................................... 196 

6-4 T2-weighted MRM of the healthy diaphragm.. ................................................... 197 

6-5 Diffusion-weighted MRM of the healthy diaphragm.. ........................................ 198 



 

15 

6-6 T2-weighted MRM of dystrophic diaphragm.. .................................................... 199 

6-7 Diffusion weighted MRM of dystrophic diaphragm.. .......................................... 200 

6-8 Diffusion Tensor MRM of healthy diaphragm. .................................................. 201 

6-9 Diffusion Tensor MRM of diseased diaphragm. ................................................ 202 

6-10 Representative 2D diffusion weighted MRM along sagittal orientation of 
dystrophic diaphragm.. ..................................................................................... 203 

6-11 Four representative 3D MRM of the healthy diaphragm. .................................. 204 

6-12 Representative histology images and MRM of healthy diaphragm.. ................. 205 

6-13 Diffusion-weighted MRM of the transverse view of the dystrophic diaphragm. . 206 

6-14 T2 weighted MRM of a diseased diaphragm region by region.. ........................ 207 

6-15 Diffusion-weighted MRM of a diseased diaphragm region by region.. .............. 208 

6-16 b0 and three representative images out of six diffusion-tensor MRM of a 
diseased diaphragm.. ....................................................................................... 209 

6-17 Comparison of diaphragm in immunohistochemistry and MRM........................ 210 



 

16 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
EXPLORATION OF MAGNETIC RESONANCE MICROSCOPY: FROM CELLULAR 

STRUCTURES TO SUBCELLULAR STRUCTURES 

By 

Choong Heon Lee 
 

May 2012 
 

Chair: Jenshan Lin  
Cochair: Stephen J. Blackband 
Major: Electrical and Computer Engineering  
 

Due to its ability to visualize the biological and non-biological architectures and 

functions, in a non-invasive way, MRI has gained a lot of popularity over the last four 

decades. Even further, the desire to gain information about the underlying structures 

inside the biological tissues pushes its ability ranging from keeping track of anatomical 

information by simply utilizing its inherent contrast mechanism, to visualizing the 

structures coming from the microscopic water movement which is essential to diagnose 

disease in a clinical environment.   

However, in spite of the merit in terms of monitoring real-time tracking of biological 

changes inside the biological samples non-invasively over other imaging modalities, 

MRI’s relatively poor resolution puts some shackles on its strength. Mainly because of 

its dependence on the number of H protons in a voxel and irresistible molecular 

movements even in the smaller voxel, it reserves much room for further enhancement to 

compete with other imaging modalities such as light microscopy and electron 

microscopy as examples.  
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  With the advent of state-of-the-art technological support, there are so many 

efforts to get over these limitations in the Magnetic Resonance Microscopic groups all 

over the world. In this dissertation, by employing state-of-the-art equipment—higher 

magnetic fields, micro surface-coils, and strong, fast-switching imaging gradients— for 

higher resolution, greater sensitivity, and better specificity for MRM, we investigate the 

MR-stained cellular and subcellular structures inside single animal cells such as frog 

ova and L7 motor neuron of sea slug, and report the first delineation of mammalian cells 

and even individual human cells. With matching the hardware capability with the need of 

cellular imaging, we first employed the novel methodology in sample preparation such 

as bisected and segmented models to maximize the sensitivity of micro surface-coils. 

The matched capability allowed us to expand and tune the applications of MRM to other 

cellular structures in the other organs such as kidney and diaphragm in the mammalian. 

By identifying the MR-stained microscopic components in a variety of tissues using 

histological correlation, we present the capacity of MRM as a potential biomarker in 

translating the structural information into the functional understanding as well as 

reflecting the changes in tissue compartments as the diseases progress. Here, we 

expanded its potential applications to monitor the progression of the inherited diseases 

such as polycystic kidney disease (PKD) and Duchenne muscular dystrophy (DMD). 

Our findings suggest that MRM is a promising and powerful noninvasive tool with 

the limitless applicability in investigating the micro-architecture, function and pathology 

of both small animal models and humans. 
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE  

Overview of Magnetic Resonance Imaging (MRI) system 

Three types of magnetic fields are required for imaging: a static uniform field 

(known as B0), gradient fields, and radiofrequency (RF) fields (known as B1) [1].     

The static uniform field is generated by a large magnet and its strength ranges 

from 1.5 T to 3 T for the head to 9 T for whole body clinical imaging, and up to 21 T for 

animal imaging for research applications.  Three types of magnets can be used: 

permanent magnets, resistive magnets and superconducting magnets.  The 

superconducting magnet is the most popular type for MRI applications and consists of a 

solenoid of superconducting wire wound around a cylindrical bore (into which the 

imaging object is placed). The superconductivity of the magnet is maintained by liquid 

helium in order to keep the temperature down to 4.2 kelvin, where the wire has a 

resistance of approximately zero. 

The second type of magnetic field, the gradient field, is produced by gradient coils 

in three orthogonal directions – x, y and z. These spatially localize the induced signal 

from the sample.  The need for high resolution images means that gradient coils should 

produce strong magnetic fields quickly.  This is accomplished through delivering 

stronger currents into the gradient coils and using low-inductance coils for faster 

switching times. In the meantime, in order to prevent the gradient coils from 

overheating, their temperature should be maintained by a liquid cooling system. In this 

work, in order to achieve cellular-level resolution, a different geometry of gradient coil is 

employed and will be presented later.   
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The third type of magnetic field, the radiofrequency field, is generated by RF coils, 

which are located closest to the imaging sample. The RF field (B1) excites the sample 

by rotating at the resonant frequency of the protons within it.  The RF coil also detects 

the accordingly induced FID (free induction decay) signal from the sample.  Depending 

on applications, there are a variety of coil designs available, including volume coils and 

surface coils. Especially in MR microscopy research, miniaturization of coils has been 

used successfully for achieving high signal to noise ratio, by means of accommodating 

smaller samples and providing a strong localized B1.  

 The main magnet, gradient coils and RF coils require a lot of associated 

electronics for their control and maintenance.  These include electrical components 

such as RF amplifiers, gradient amplifiers, transmitters, receivers and analog-to-digital 

converters. All of these components must operate in harmony for the images to be 

generated. Once they are generated, the images are reconstructed and shown on a 

computer console. 

Background and Motivation for Magnetic Resonance Microscopy 

The ultimate goal of magnetic resonance microscopy (MRM) is to non-invasively 

obtain pathophysiological information at the cellular level.  The term MRM refers to any 

MR acquisition with pixel resolution finer than 100 µm [180, 245, 248].  Although MRM 

techniques have yet to be applied in the clinical imaging environment, they have been 

successfully used in preclinical, animal, and non-biological research [43, 44, 246]. 

MR microscopy techniques have been substantially improved by enhancements in 

the signal-to-noise ratio, either through increasing the signal or lowering the noise 

contribution.In addition, increased imaging resolution has been obtained through 

stronger gradients, such as the planar gradient system introduced here later.   
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With the advance of RF coil technologies, which allowed for reduction of the coil 

size, so that it was comparable to the sample size, MRM has developed rapidly over 

that past ten years [13, 14, 16, 18, 20~23, 33, 41~50, 82].  In applications where the 

sample is volume-limited, solenoid-type RF coils have been exploited heavily in NMR 

spectroscopy and MRM research. This is because of their relatively simple design, 

which facilitates cost effective manufacturing, and good field homogeneity, [14, 33, 43, 

44 81, 82]. However, in spite of these advantages, solenoid coils must be wound around 

glass capillaries (where the sample is inserted), and their performance has limited 

reproducibility especially as the size goes down. Compared to solenoid-type coils, 

surface coils have strong SNR only in a localized area, i.e., in close proximity with the 

coil surface. Applications of surface coils have been limited to micro-sized samples due 

to their relatively poor B1 field homogeneity.  In this work, by using careful sample 

manipulation and positioning, we took advantage of the high sensitivity and strong B1 

field in proximity to the surface coil face.  

To achieve higher SNR, several methodologies were employed in this work. One 

is high magnetic field strengths (14 or 17 T). The second is reduction of the coil 

dimension and utilization of the surface coil design. The third is minimization of the loss 

coming from T2 effects, by utilizing a planar gradient system, which offers faster 

switching and higher gradient field strengths (Figure 1-7). 

Types of RF Coils  

Coils are composed of inductive and capacitive elements. The resonant frequency, 

ω0, of an RF coil is determined by the inductance (L) and capacitance (C):  

LC


2

1
0 

  (1-1) 
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To match the resonant frequency of the coil to that of the sample, tuning can be 

performed by adjusting a variable capacitor. 

 The sensitivity of the coil, or intensity of the received signal is described by the 

quality factor, Q:  

   (1-2) 
A higher coil Q factor leads to increased SNR of the acquired signal,   resulting 

from the more sensitive detection of the time-varying FID signal. Along with the Q factor, 

optimization of coil geometry relative to the sample size is also important to increasing 

SNR. When the patient or imaging object is placed inside the coil, RF eddy currents 

within them will produce randomly varying magnetic fields, which will induce noise 

voltages in the coil [2].  This noise will decrease as the volume of tissue within the coil 

decreases.  Therefore, reduction of the coil size will improve the SNR of the resultant 

images, but in turn it will reduce the coverage. At higher field strengths there are 

additional effects, which must be considered in coil design. For instance, as the 

wavelength of the RF field becomes comparable to the sample dimension, travelling 

wave effects disrupt field homogeneity.  However, with the small sample sizes used in 

microscopy applications, this is not a concern.  Furthermore, eddy currents induced 

inside the conducting coil will push the current to the coil perimeter and make it crowded 

around there. This is referred to as the skin effect, which causes higher resistance in the 

straight wire, and is more pronounced at high field because the skin depth is inversely 

proportional to frequency.   

RF coils can be roughly divided into two groups: volume coils and surface coils. 

Generally volume coils can cover a larger volume with uniform B1 field inside the region 
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of interest. Common types of volume coils are birdcage coils[3], saddle coils[3], and 

transverse electromagnetic (TEM) resonators [4] (Figure 1-1). Two types of microcoils 

utilized in MR microscopy are solenoid coils and surface coils (Figure 1-2). Solenoid 

coils (Figure 1-2A) are commonly used due to their highly uniform distribution of the 

magnetic field inside the coils, high efficiency and low cost. The magnetic flux inside 

along the central axis of a solenoid coil is given by:  

   (1-3) 
where d is the coil diameter, N is number of turns, i is the current, μ0 is permeability of 

free space, and h is the coil height [10]. If applications require high SNR and the sample 

can be positioned very close to the coil surface, surface coils are favorable (Figure 1-2B 

and C).  

  Surface coils shown in Figure 1-2 are conventionally designed with single (Figure 

1-2B) or multiple surface conductor loops (Figure 1-2C).  While offering a high B1 field 

strength in proximity to the coil face and highest sensitivity, they have a weakness in 

spatial uniformity of the B1 field distribution. Most of the acquisitions in these works 

were carried out with multi-looped surface coils, which have better B1 field uniformity 

than single-looped surface coils but their construction is much more complex. Wider 

coverage with better B1 field uniformity can be obtained  by a Helmholtz-type coil which 

consists of two single loop surface coils with a space between them, into which the 

sample is inserted (Figure 1-2D). 
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Principles of Magnetic Resonance Imaging  

To make MR images, the magnetization should be encoded spatially. This is 

accomplished using the magnetic field gradients.  The spatial and frequency domains 

are related in the following manner:  

 

   (1-4) 
Reciprocally,  

   (1-5) 
 

where are the frequency domain coordinates (in units of m-1) and S(kx, ky, kz  ) is the 

Fourier transform of the spatial magnetization distribution, ρ(x,y,z). k is the reciprocal 

space vector ( ) [5-7]. In order to encode multi-dimensional images, gradients 

fields in three orthogonal directions are required (x, y, and z, or frequency-encode, 

phase-encode and slice-select). The Larmor frequency for spins at position r=(x,y,z), 

will therefore be:  

    (1-6) 
,where G refers to the gradient vector, constructed from the gradient amplitudes in the 

three orthogonal directions: G=[Gx, Gy, Gz].  

There are many available contrast mechanisms in MRI. These include T1, T2, T2*, 

and diffusion. Different pulse sequences can be used to obtain images with unique 
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contrasts. The most conventional pulse sequences are gradient echo (GE), and spin 

echo (SE). In a gradient echo pulse sequence, as shown in Figure 1-3, the spins are 

dephased and rephased purely by gradients, i.e. bipolar gradients. After the excitation 

RF pulse, the negative gradient lobe will dephase the transverse magnetization. The 

positive lobe (known as the readout, or frequency encoding gradient) will then rephase 

the magnetization, with an echo forming at the center of the frequency encoding period, 

when the total gradient area equals zero.  

Another commonly used pulse sequence is the spin echo (SE) pulse sequence [8] 

(Figure 1-4), which employs two RF pulses: one for excitation (π/2 radians) and one for 

refocusing (π radians). The excitation pulse will rotate the magnetization vector will 

rotate down to the transverse (or x-y) plane. Then, due to field inhomogeneities, the 

transverse magnetization will dephase at a rate of  for the duration TE/2. At TE/2 

the refocusing will rotate the dephased magnetization about the x-axis. Due to the 

refocusing pulse, the magnetization will begin to rephase, forming a spin echo at time 

TE [8].  The main difference between gradient and spin echo sequences is that gradient 

echo signal decay is a function of  ; however, spin echo signal decay is a 

function of .   

A variant of the spin echo imaging sequence is the diffusion weighted imaging 

(DWI) sequence [9] (Figure 1-5). Diffusion weighted imaging is sensitive to the 

microscopic translational motion of water molecules within tissues and living organisms 

[9, 27]. A spin echo sequence is modified into a DWI sequence by centering a pair of 
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equal-area gradient lobes symmetrically around the refocusing pulse. The first gradient 

lobe will induce a phase shift, and after some time interval (the diffusion time, Δ), the 

second gradient will induce an equal phase shift in the opposite direction (due to the 

refocusing pulse). Protons which did not change their location between the two gradient 

pulses will not accumulate any phase; however, the protons which changed position will 

dephase.  Differences in diffusivity of water molecules in tissue, results in high 

microstructural MR contrast in biological systems. The mono-exponential attenuation of 

MR signal in a DWI sequence was modeled by Stejskal and Tanner in 1965 [9]: 

    (1-7) 

where   is b-value or diffusion weighting factor, g is the gradient 

strength of diffusion sensitizing gradients, Δ is the interval between two gradients, δ is 

the duration of the gradients, and D is the apparent diffusion coefficient (ADC).  

Theory of SNR  

Calculation of SNR  

The performance of an NMR system is frequently judged by the image SNR. SNR 

is defined as ratio of the peak signal value to the rms (root mean square) of the noise 

voltage, as shown below [10] 

   (1-8) 

where k0 is a  proportionality constant  correcting for the non-uniformity of the RF field, 

B1/i is the ratio of the induced magnetic field to the applied current (known as sensitivity) 

, Vs is the sample volume, N is number of spins per unit volume, γ is the gyromagnetic 
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ratio which depends on the nucleus  (for hydrogen, γ=42.58 MHz/T),  is planck’s 

constant,  is Boltzmann’s constant, I is the quantum number of nuclear spin (for 

proton, I = ½),  is the angular frequency, T is absolute temperature, and  is the 

summation of coil and sample noise voltage. The equation 1-5 suggests multiple 

strategies for SNR improvement, such as enhancement of coil sensitivity, increase in 

sample volume, or decrease in noise voltage. The SNR per unit volume depends on the 

voltage generated by a voxel inside the sample and can be described as:  

   (1-9) 
where  is the transverse magnetization, and  is the frequency. Accordingly, the 

SNR in MRM can be expressed as:  

    (1-10) 
where  is a factor depending on the  pulse sequence and AT is the acquisition time. 

In consequence, in order to increase the signal voltage, we have to increase the 

transverse magnetization (Mxy), voxel volume (Vx), frequency (ω0), or scan time (AT).  

Sources of Noise  

Traditionally, ohmic losses had been regarded as the single contributor to noise in 

MRI, but the coupling between coil and sample should also be considered [11]. Noise 

can come from the abundant charges in conducting materials such as cables and coil 

wires, where electrons move around and collide because of thermal energy, which 

results in magnetic field fluctuations. Another source of charges is the ions in the 
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biological tissues, which are thermally agitated and interact with each other by Coulomb 

forces. Coupled into coils even through the air in-between, the thermal motion of 

charged particles induces an electromotive force (EMF) in the coil.   

 The electromagnetic properties of biological samples are characterized by the 

permeability, permittivity, and conductivity.  The permittivity and conductivity of a sample 

can significantly contribute to the noise due to dielectric losses, which occur when the 

electric field coming from the coil interacts with the sample. This is the dominant source 

for noise in clinical MRI. An additional charge source is dipolar molecules such as water 

molecules which are highly dielectric have an accompanying dipole field. However, 

considering the high frequencies used in MR, this effect is not strong. 

Inductive losses are mostly inevitable.  Some researchers have  calculated the 

effective sample resistance and concluded that it scales with  where  is the 

Larmor frequency and r is the radius of the coil [12]. Therefore, a smaller coil radius 

would go further towards reducing the sample resistance than a higher main magnetic 

field.  

The noise voltage is a consequence of components in the magnetic bore, e.g., 

imaging objects, cables, and coils. This is described by the equation below:  

   (1-11) 
where BW is the receiver bandwidth, Rc is coil resistance, Rs is sample resistance, Tc 

is coil temperature, and Ts is sample temperature. Renviron and Tenviron are the 

environmental resistance and temperature which are usually negligible but potentially 

significant at high field. RcTc is the dominant term for the small coils and samples used 

in animal research, whereas RsTs is dominant in clinical MRI.  
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Avenues for Noise Reduction 

Therefore, to minimize the coil contribution to the noise voltage, either Tc or Ts 

can be reduced. However, decreasing the temperature of the sample is not easily 

accomplished. Lowering the temperature of the coil can reduce the thermal noise 

contribution resulting in enhanced signal-to-noise ratio. Alternatively, reduction of 

resistance can be achieved by utilizing low-resistance materials for the coil wires. For 

example, silver  exhibits lower resistance than copper but is more expensive [13]. 

Otherwise, the bandwidth (BW) could be reduced at the expense of increased minimum 

TE.   

Research [14] on Q factor differences  between sample-loaded and sample-

unloaded  micro solenoid coils, revealed virtually no change between the two 

conditions.  This led to the conclusion that at fixed temperature, the SNR per unit 

volume depends only on the coil, especially when the diameter is less than 3 mm [10]. 

           (1-12) 

In this regime, the higher coil conductivity reduces the coil noise contribution; however, 

it can also give rise to an increase in the sample noise contribution. Therefore, the SNR 

is inherently limited by the coupling between the coil and sample [15]. 

High Field Effects 

 Advantages of employing the high field magnet include increased SNR, and 

higher contrast-to-noise ratio for many applications. When the noise from the coil is 

dominant the SNR in MRM is supposed to enhanced in proportion to B0
(7/4) [10]. For 

example, by increasing the magnetic field from 14.1 T to 21.1 T, the SNR is expected to 

be improved approximately by more than 50% with similar coils. However, the 
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disadvantages include higher specific absorption rate(SAR) [11, 16], macroscopic 

susceptibility effects, and short RF wavelengths relative to sample size.  

Additionally, since MRM is carried out at the frequencies ranging up to 900 MHz, 

in order to calculate resistance, high frequency effects such as the skin effect and 

proximity effect should be taken into account [17, 19, 30]. These are critical 

considerations,   especially for micro-coil manufacturers who favor smaller coil 

dimensions. Both of these effects could increase resistance by reducing the effective 

cross-section of the conductor.  When the AC current passes through the conductor, it 

induces an alternating magnetic field. The changing magnetic field will cause eddy 

currents in the wire, resulting in current flow being limited to the periphery of the 

conductor. Therefore, the current density within the wire decreases exponentially with 

distance from the surface, [17]. The distance from the surface of wire at which the 

current density is reduced by 1/e is called the skin depth, δ, which is given by the 

equation below [17].    

    (1-13) 

where  is the operating frequency and σ is conductivity. Moving towards higher field, 

the reduction of effective cross-section is proportional to the square root of the 

frequency.  

Eddy currents are not only induced in the wire itself, but also in neighboring 

conductors.  The result is that current becomes concentrated in areas of the wire which 

are furthest away from adjacent conductors.  This is known as the proximity effect [67], 
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which leads to non-uniform distribution of the current and can significantly increase 

resistance. 

Spin Excitation, Relaxation, and Signal Detection 

Spin Excitation  

At equilibrium, the bulk magnetization vector, M0, is aligned in the z-direction, 

parallel to the main magnetic field, . Any magnetization components which are not 

aligned parallel to B0 will precess around  at the Larmor frequency (ω=γB0). A left 

circularly polarized radiofrequency field, B1, oriented perpendicular to B0 and alternating 

at the Larmor frequency applies a torque, which rotates the magnetization vector away 

from z-axis by an angle, θ,  The rotation angle, θ,  is defined as, 

    (1-14) 
where τ is the RF pulse duration. When θ=90ο, the magnetization vector, M, will be in 

the transverse (x-y) plane, where it precesses about B0. The precessing magnetization 

vector will induce an EMF signal in the coil, which is called free induction decay (FID).  

Spin Relaxation  

After the RF pulse perturbs it, the spin system will return back to its thermal 

equilibrium.  The transverse magnetization will decay, while the longitudinal 

magnetization grows back to its equilibrium state (M0). The recovery of longitudinal 

magnetization occurs with the rate constant T1, known as the spin-lattice relaxation 

time. Longitudinal relaxation involves the exchange of energy between the nuclei and 

the surrounding environment, known as the lattice. The decay of transverse 

magnetization occurs with the rate constant T2, known as the spin-spin or transverse 
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relaxation time.  Transverse relaxation is caused by the dephasing of magnetic 

moments due to interactions between spins. Transverse and longitudinal relaxations are 

described by the Bloch equations, as shown below: 

   (1-15) 

   (1-16) 
   The solutions of these two equations are: 

   (1-17) 

    (1-18) 
where  are the initial values of longitudinal and transverse 

magnetization, respectively.  It should be noted that in an inhomogeneous external 

magnetic field without the help of refocusing pulses, transverse magnetization will decay 

with the rate constant T2
*, which is shorter than T2.  The relationship between T2* and T2 

is given by:   

   (1-19) 
where T’ = γΔB0 stands for the additional contribution of inhomogeneous static 

magnetic field to transverse relaxation [6].  

Signal Detection  

The NMR signal strength directly depends on the distance from the coil center and 

the highest sensitive region is inside the half sphere on the front which has the diameter 

of coil where the sample will be positioned. More coil loops provide, greater sensitivity 
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[39]. However, in the micro-coil domain, space is limited, which, in turn, limits the 

number of turns. For example, the 500 µm micro surface-coil, which was used in our 

experiments is equipped with a sample well which is only 5 mm wide and 500 µm deep.  

By converting the time-domain NMR signal to the frequency-domain (through a 

Fourier transform) we obtain the spectrum of the NMR signal.  The spectrum provides 

important information such as chemical shifts, structural properties, and environmental 

information about the elements under investigation. For example, the hydrogen atoms 

precess at different frequencies due to environmental factors, such as shielding effects 

from electrons and other neighboring molecules.  

Gradient Coil: Its role in Image Formation and the Resolution Limits 

In the MRI system, gradient coils, which are located outside the RF coil, are 

essential for spatial encoding of the MR signal. Fundamentally, gradient coils should 

produce magnetic fields in three orthogonal directions, which vary as linearly in space 

as possible. Especially in MRM, in order to make imaging in the micro scale realizable, 

several issues should be considered. These include the effects of diffusion during 

gradient pulses and eddy currents. In order to cover these issues, the fundamentals of 

gradient coils and the requirements for cellular imaging will first be discussed.  

Considerations for High-Resolution Images 

 Conventionally, gradient waveforms are trapezoidal in shape, with a gradient 

strength, G, and rise time, ,  as shown in Figure. 1- 7A. The spatial resolution in the 

reconstructed image is inversely proportional to the area of gradient strength and time 

of the gradient lobe, which is shown in an equation as below. 
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   (1-20) 
To minimize susceptibility and diffusion effects, gradient pulses should be 

designed with maximum amplitude and minimum duration.  Short rise times are 

therefore important. Gradients should therefore be built with high efficiency and low coil 

inductance, giving rise to a fast slew rate, which is defined as the rate of the change of 

the gradient field with time and has units of [T/m/s]. 

The time varying gradient magnetic fields used in MRI induces eddy currents in 

neighboring conducting materials. The eddy currents create unwanted exponentially 

decaying magnetic fields, which distort the gradient waveforms,   resulting in artifacts 

such as stretching or shrinking of the corresponding image. For micro imaging, shielding 

of gradient coils, where an outer coil surrounds the main gradient coil and produces the 

opposing magnetic field, is desirable.  This   prevents the  magnetic field from spreading 

beyond the outer coil and inducing eddy currents in the  external conducting objects 

[20]. 

In applications requiring microscopic resolution any potential causes for spatial 

distortion should be eliminated wherever possible  In addition, since SNR is limited, 

strong gradients which can ramp up quickly can be used to minimize echo time and thus 

decrease signal losses due to T2
* or T2 decay.  This is especially helpful in diffusion 

weighted imaging, where additional T2 contrast is undesirable. In this work, the benefits 

of a high strength gradient are realized by employing a newly-designed planar gradient 

system by Bruker (Z110828, B6406), which is capable of producing a maximum 

amplitude of 66 T/m.  This is significantly higher than the conventional Micro-5 gradient 

system, which has a maximum strength of approximately 3 T/m (Figure 1-7). 
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Limitations of Resolution and Gradient Requirements 

T2 -limited resolution 

The resolution of an MR image can be affected by T2 relaxation during readout 

encoding, since the spectral linewidth is inversely proportional to T2 (i.e. linewidth= 

(πT2)
-1). However, if the bandwidth per voxel (i.e. BW/number of pixels in the readout 

direction) exceeds the spectral linewidth, this effect is insignificant. When the bandwidth 

per pixel is smaller than the line-width, the T2 limited resolution is given by: 

   (1-21) 
 

which is only applicable to frequency encoding direction of imaging [7, 42]. 

In microscopy images, magnetic susceptibility effects could become very 

prominent resulting in signal loss due to   effects.  

Bandwidth-limited resolution 

The resolution in phase encoding direction is given as 

    (1-22) 

where  where τ is the gradient pulse duration .  

Under the assumption of the high SNR and ideal detection system, in order to 

differentiate two different regions, the phase encoding is required in a way that two 

voxels have different phases. The phase difference between two voxels is 

    (1-23) 
Note here is the unit of γ is rad/s [21, 23]. 
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Considering the minimal detectable phase is π for Fourier transform 

reconstruction, the bandwidth-limited resolution is [21, 22]. 

  

   (1-24) 

 

By these two resolution limits, the acquisition time should be significantly smaller 

than  to avoid the filtering effects from relaxation property. Therefore, the strong 

gradient and the short acquisition times are solutions, but under given conditions 

restricted by essential imaging pulse sequences, the strong gradient is a more practical 

solution than the shrinkage of the acquisition time. 

Diffusion-limited resolution 

 Another fundamental limitation to the image resolution is the motion of molecules 

within the imaging objects.  This is called diffusion limited resolution. It is very difficult to 

control because the Brownian motion of molecules in the sample [38] is due to 

interactions between ions and dipolar molecules. Interactions with the local magnetic 

field cause image blurring or smearing, resulting in line-broadening effects. Assuming 

the random-walk model, the mean square displacement of water with diffusion 

coefficient, D in time, t is      (1-25) 

   Diffusion during the readout gradient causes signal attenuation and linewidth 

broadening, which can limit the resolution.    

Another calculation of diffusion resolution [21, 23] can be described with 

unbounded Brownian motion [38] for acquisition time, AT with self-diffusion coefficient, 

D would be  
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    (1-26) 
The attenuation of the signal due to diffusion during the readout gradient is given 

by: 

    (1-27) 
This attenuation broadens the signal by  

    (1-28) 
where  is the FWHM of the signal [7]. 

Due to this attenuation, the resolution limits by diffusion is  

    (1-29) 
From above considerations, despite the controversial role of the acquisition time, 

the only solution to overcome the limits is the strong gradient.  

Then, how high gradient strength is required?  

From those calculations above, the requirement of gradient for overcoming the 

diffusion-limited resolution essential for cellular imaging is  

    (1-30) 
which is obtained by combining (1.21) and (1.23). 

Calculations:  
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In case of free water whose D is around , for a 6 ms acquisition time, 

the resolution is limited to 5 μm. For cellular imaging where resolution should be less 

than or equal to 5 μm, these resolution limits  must be taken into account. If the 

resolution to achieve is 5μm, then the readout duration should be about 6 ms, as 

 If the required resolution is 1μm, then the acquisition time 

should be less than 227.3μs.   

The gradient strength required for 5μm is 138 mT/m based on the calculation, as: 

. On the other hand, for 1μm 

resolution, the gradient strength should be larger than 17250 mT/m based on the 

calculation:  

The situation becomes even more difficult when dealing with water diffusion inside 

the biological tissues. In biological tissues, factors such as cell density, cell size, 

membrane permeability, and intra/extracellular volume fractions can affect the diffusion 

coefficient.  Assuming a diffusion coefficient in tissue of 1.1 x 10-9 m2/s, the acquisition 

time should be no greater than 454.6 μs. The gradient strength should be greater than 

8600 mT/m, calculated by: 
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Diffusion-based Contrast Mechanism 

A prominent advantage of using diffusion weighted imaging instead of proton 

density, T1- or T2-weighted imaging is the outstanding contrast offered by DWI.  DWI 

techniques can be used to visualize anatomical architecture, especially which causes 

the anisotropic movement of water, for example white matter in the central nervous 

system, muscle fibers, etc. The microscopic movement of water is affected by 

pathological and physiological changes in the underlying microstructure.  In certain 

cases, such as acute stroke, the root cause of the pathological changes in diffusion 

properties is still under debate [230-242]. By performing simple perturbations on simple 

biological systems, (i.e. inducing cell swelling in the L7 neuron of Aplysia californica by 

placement in a hypotonic solution), we can obtain information about the cellular origins 

of pathological changes in diffusion properties [81]. 

Diffusion Weighted Imaging 

Under the influence of a constant gradient,  molecular diffusion will lead to a 

decrease in the  amplitude of the water signal [8, 26]. The pulsed gradient spin echo 

(PGSE) experiment (Figure 1-5)  makes diffusion behavior measurable by MRI [9]. The 

hydrogen protons will diffuse randomly through space during the diffusion time, Δ, After 

Δ, the second diffusion gradient after will rewind the phase accumulated by those spins 

which did not change position. However, spins which displaced in the diffusion gradient 

direction during Δ will accumulate phase.  The loss of phase coherence amongst 

moving spins will result in signal decay. By comparing the signal amplitude in the 

presence and absence of a diffusion sensitizing gradient pair, the apparent diffusion 

coefficient (ADC) can be measured. In complex biological tissues, structural features 

present hindrances or restrictions in the paths of water molecules. For instance, even if 
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a spin can move 5 μm in one direction in free water, in a biological tissue the net 

displacement may be ended up with only 3 μm due to reflections caused by cell 

membranes, organelles, and the like. Therefore, the real total diffusion distance is 5 μm 

despite the 3μm of apparent displacement. When it comes to cellular imaging, this 

phenomenon should be dealt with carefully.  

During a magnetic field gradient, the phase accumulated by a single spin in the 

transverse plane is given by: 

   (1-31) 
where γ is the gyromagnetic ratio, is static magnetic field, G is the diffusion gradient 

amplitude, the gradient duration is δ  and, r is the spatial location of the spin. Following 

the second gradient pulse, the phase shift of a moving spin, ΔФ, depends on the spin 

displacement in the direction of the diffusion gradients, and is described as: 

   (1-32) 
After the first diffusion gradient pulse, the spin phase is:  

   (1-33) 
where  is the initial spin location [27]. The phase accumulated during the second 

gradient pulse, is:  

   (1-34) 
where  is the spin location during the second pulse.  
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With no net displacement, , the phase shifts of static spins  before and after 

the refocusing pulse will  cancel. However, with net displacement, , the phase  

will not cancel resulting in net dephasing. The amount of dephasing is affected by 

parameters such as the gradient strength G, diffusion duration δ, and diffusion time Δ. 

The acquired signal is the vector sum of the magnetic moments of the individual 

spins. The aforementioned spin dephasing will cause a reduction of transverse 

magnetization, which is described as: 

   (1-35) 
where  is the equilibrium magnetization, and  is the phase of the jth spin . The 

equation for the resultant signal decay was derived by Stejskal and Tanner [9] and is 

given by:  

       (1-36) 

where S is the signal strength after diffusion time Δ, and is the signal strength in the 

absence of  diffusion gradients. It should be noted that this equation is only suitable for 

trapezoidal unipolar or bipolar gradients of short duration .  It also ignores the 

interaction between imaging, background, and diffusion gradients [9]. In addition, under 

the narrow pulse approximation the signal attenuation depends only on the net 

displacement in the gradient direction and not on the actual diffusion path. A popular 
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way to characterize water diffusion inside biological tissues is the measurement of the 

slope of the logarithm of the signal intensity, known as the Apparent Diffusion 

Coefficient (ADC):  

           (1-37) 

Compartmentation Issues 

An important consideration is that this diffusion imaging is inherently a one 

dimensional measurement, as it measures the signal decay due to diffusion in a single 

direction.  However, molecular motion occurs along all three dimensions. When dealing 

with molecular motion in an anisotropic medium, a single one-dimensional ADC 

measurement will not be sufficient .Things get more complicated as the diffusion 

weighting, or b-value gets higher due to longer diffusion times and/or higher gradient 

strengths. Consequently, to describe biological systems, which contain various barriers, 

the issue of modeling  becomes  important [25, 28]. Rather than describing diffusion 

signal decay as mono-exponential, a bi-exponential model, with two compartments 

having independent ADCs, can be applied:  

  (1-38) 
where  are the fractional sizes and diffusion coefficients   for each 

respective compartment. Alternatively, there are multi-compartmental models, which 

assume many more than two compartments: 

 with 
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     (1-39) 
Still evolving, these compartmental ideas confronted many issues for meeting the 

need for explaining the complicated diffusion behavior inside the biological tissues [32, 

33]. For closer to accurate explanation, the more signal should be attained by avoiding 

any averaging contamination or partial volume effects from neighboring regions which 

are getting trickier in cellular imaging. Great SNR with high resolution in short diffusion 

times should be guaranteed to manage to significant quantitative analysis of diffusion 

cellular imaging, and in this works, high strength gradient using planar gradient was 

employed (Figure 1-8). 

Diffusion Tensor Imaging 

Diffusion weighted imaging, which measures a single scalar diffusion coefficient 

would be sufficient characterize one-dimensional random transport.  In reality, however, 

water can diffuse in any direction and in biological tissues, diffusion is often anisotropic.   

To describe the three-dimensional diffusion process, the diffusion tensor can be used. 

[34-36]. 

 To describe orientationally dependent diffusion (Figure 1-8), DTI techniques use a 

symmetric 3x3 tensor, as shown below.    

   (1-40) 
which consists of 6 independent elements. The diagonal elements are diffusion 

coefficients along the x, y, and z directions in the laboratory frame. The off-diagonal 
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elements contain information about the rotation of the principal diffusion axes relative to 

the laboratory x, y, and z axes [37].  

This tensor representation offers six independent terms to describe the 

translational displacement of water molecules instead of a single ADC value, as in 

diffusion weighted imaging [35, 36]. In an anisotropic medium, the signal decay due to 

diffusion is related to the product of the D matrix and the b-matrix, as follows: 

  
 

 

   (1-41) 
 

where  is elements of diffusion tensor, , and .  Ideally, the b-

matrix should have only diagonal elements, related to the amplitudes of the three 

orthogonal diffusion sensitizing gradients. However, in reality, there may be off-diagonal 

elements or cross terms, reflecting the interactions between imaging and diffusion 

gradients. Experimentally, to characterize molecular motion in anisotropic medium, 

seven different measurements are necessary, i.e., one without diffusion weighting and 

six more along six independent axes to determine the tensor 

elements: .  

Once the D matrix is determined, it can be diagonalized to provide the 

eigenvalues, λ1, λ2, λ3, and eigenvectors, ε1, ε2, ε3, which characterize the diffusion 

ellipsoid.  Following diagonalization, the diffusion tensor can be represented as follows: 
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   (1-42) 
The three positive eigenvalues,  represent the diffusion coefficients along 

the three orthonormal eigenvectors, . The primary eigenvalue, , represents 

the diffusion coefficient along the principal axis of diffusion and   represent  water 

diffusivities along the two orthogonal directions. After determining the eigenvalues and 

corresponding eigenvectors from each voxel, the spatial anisotropic information can be  

mapped with DEC (Directionally Encoded Color) [29].  This information can also be 

used for fiber tracking. 

Anisotropy Index 

There are several anisotropy indices to show the degree of diffusion anisotropy, 

but two popular ones are RA (relative anisotropy) and FA (fractional anisotropy), which 

are dimensionless and rotationally invariant quantities [8,10,11]. Mathematically, it is 

equal to the standard deviation of the principal diffusivities divided by their mean:   

   (1-43) 

The fractional anisotropy is given by: 
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   (1-44) 
Therefore, FA = 0 is in an isotropic medium, where the diffusion ellipsoid is a 

sphere and FA=1 in a fully anisotropic medium, where diffusion occurs in only one 

direction. 

DTI based techniques, which are inherently noninvasive, provide a better 

understanding of the complex, three dimensional diffusion of water in tissues, which can 

be used to infer functional nerve connectivity.  Furthermore they offer information on 

how the diffusion process is affected by pathological changes. 

High Angular Resolution Diffusion Imaging (HARDI)  

Since the inception [36], Diffusion tensor imaging (DTI) has drawn so much 

attention as an attractive tool in characterizing the isotropic or anisotropic diffusion by 

utilizing the rank 2 tensor [35]. As shown in Figure 1-8, in addition to presenting three 

different orthogonal directions through each eigenvector, the relative mobility can be 

described by its own eigenvalue, and the highest eigenvalue can be regarded as the 

dominant direction of the local fiber tracts. However, due to some main assumptions, 

DTI has its own shortcomings. Specifically, the dominant fiber direction at each voxel 

can be illustrated by only one orientation maximum indicating the direction where the 

highest diffusion occurs. This is originated from the assumption of the underlying 

diffusion displacement probability function as a single 3D Gaussian distribution whose 

probability distribution of carrying the molecules in the distance, r, at the fixed time 

constant, t, has zero mean and the covariance of 2Dt. The consequent shortcomings 
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are first, there might be possibility of inaccurate estimate the true fiber directions by a 

single fiber orientation especially in dealing with underlying multiple fiber orientations in 

a form of  fibers’ crossing or bifurcating in tissues such as brain or muscle tissues [262, 

263]. As shown in Figure 1-9, more than one direction of fiber cross with each other, 

e.g. the first eigenvector cannot correlate with any one of the actual or anatomical fiber 

orientations. Even with the recent hardware development, there is still limitation in 

resolving this issue along with partial volume effects when resolving the crossing of fine 

multiple fiber tracts in the brain. 

In order to make up the aforementioned drawbacks of conventional DTI model, 

more advanced image acquisition strategies and sophisticated reconstruction 

methodologies were introduced to estimate the orientation distribution function (ODF) of 

multiple fibers, for example, diffusion spectrum imaging [249, 250], Q-BALL imaging 

[251-254], deconvolution-based techniques [255-257]. Among them, high angular 

resolution diffusion imaging (HARDI) makes an effective presentation of the angular 

distribution of apparent diffusivity along many directions of diffusion gradients by 

sampling the shell of the fixed radius [258] and converting the estimated distributed 

diffusivities to elements of a spherical tensor by employing the spherical harmonic 

transformation [259] and later utilizing the generalized diffusion tensor model [260, 261]. 

In our data, for the stable measurement of diffusion anisotropy in kidney, 21 directions 

of diffusion gradients were considered. Then, by tracing along the preferential water 

diffusion in the fibrous tissues in whiter matter, muscle, or kidney tissue, the non-

invasive fiber tracking can be completed. The dominant direction is the one which has 

the highest eigenvalue [264, 265]. The resultant fiber pathway can be completed by 
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assembling several regularizations by stream line estimation, e.g. Fiber Assignment by 

Continuous Tracking (FACT) method [265]. Using the algorithm, there was the first 

correlation of cellular-level diffusion tensor tractography with the corresponding 

histology of a rat spinal cord [266]. As such, researching on the more accurate and 

sophisticated description of orientation of the fibers in the complex local geometries has 

been a significant and still evolving technique in the medical imaging field.   
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Figure 1-1. Schematic of RF volume coils A) birdcage coil, B) saddle coil, C) Helmholtz 
coil, D) TEM resonator 

 
 
 
 
 



 

49 

 
 

Figure 1-2. Schematic of RF micro-coils. A) Solenoidal micro-coil, B) single-loop 
surface-coil, C) multi-loop surface-coil, D) Helmholtz-type surface-coil. 
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Figure 1-3. Schematic of gradient echo pulse sequence. The gradient echo is formed by 
a pair of bipolar gradient pulses. 
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Figure 1-4. Schematic of spin echo pulse sequence. The spin echo is formed by 
regaining the spin coherence by a refocusing 180 ο pulse. 
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Figure 1-5. Schematic of a diffusion weighted pulse sequence and the corresponding 
MR signal characteristics between bounded and free water in terms of signal 
intensity.  
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Figure 1-6. Schematic of transmitting and receiving the RF signal on resonance. A) 
Illustration of signal excitation and reception by RF resonator, and the protons 
in the water in static magnetic field, B0, and B) after B1 excitation by RF coil, 
the proton get flipped into the transverse plane at its resonant frequency, C) 
the precession back to equilibrium and D) the resultant signal of the FID in 
time domain and Lorentzian shape in frequency domain. 
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Figure 1-7. Pictures of a micro planar gradient. A) and B) The pictures of the planar 
gradient also named as a compact gradient is presented. C) The picture 
presents the planar gradient which is mounted and plugged onto the micro-5 
probe body.  
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Figure 1-8. Schematic of water diffusion in an isotropic and an anisotropic medium. A) 
Diffusion sphere representing average constant probability distribution of 
molecular displacement in an isotropic medium, and B) diffusion ellipsoid 
representing constant probability distribution in an anisotropic medium.  
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Figure 1-9. Schematic of comparison between DTI and HARDI. A) The schematic of 
water molecules (yellow circle) move in the underlying fiber oriented in the 
horizontal direction (in orange) and crossing with another fiber oriented in the 
vertical direction on the right (in blue). B) and C) Both of DTI and HARDI can 
present the consistency in probing a single direction (left to right) but the 
primary eigenvector in DTI in B fails to represent any of the true underlying 
fiber direction. 
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Table 1-1. Comparison between a micro-5 gradient, and a planar gradient. 

Gradient Type Amplitude min TE for DWI pulse sequence 

Micro5 Gradient 295G/cm (=2957mT/m) 15 ms 

Planar Gradient 6800G/cm (=68000mT/m) 1~2 ms 

 
Table 1-2. Diffusion coefficient values of free water and biological water, and their 

corresponding gradient strength required.  

Types of Water Resolution D value Gradient Strength Required 

Free Water 1 μm 

 

12,000 mT/m 

Biological Water 1 μm 

 

8600 mT/m 
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CHAPTER 2 
MAGNETIC RESONANCE MICROSCOPY OF SUBCELLULAR STRUCTURE IN 

XENOPUS LAVIS OOCYTES 

Introduction 

A breakthrough in magnetic resonance microscopy (MRM) to visualize a single 

animal cell occurred in 1986 when the resolution achieved in MR images of a single cell 

(frog ovum, diameter ~1 mm) revealed cellular compartments [41]. Such results were 

achieved by conducting imaging with in-plane resolution on the order of tens of microns.  

The stage IV ovum was visualized with hyperintense MR signal of the nucleus 

surrounded by hypointense signal of the cytoplasm (resolution = 10 x 13 x 250 μm3). 

Since then, a variety of MRM applications have been devised by various research 

groups for probing both biological and non-biological samples [42-44].  

 One such method involves a different animal model: that of the sea slug Aplysia 

californica. Its largest neuron—the L7 (diameter = 300-500 μm)—is located inside the 

abdominal ganglion and, like the xenopus oocyte, is readily accessible through gross 

dissection. This cell was originally imaged at a resolution of 20 x 20 x 100 μm3 [20]. This 

is the first neuronal cell that became a widely used invertebrate animal model for 

comparative and behavioral brain research as a primitive model of the mammalian 

central nervous system [66, 179]. Thanks to the L7 cells’ roughly spherical geometry, 

these MRM images were carried out in solenoid coils that were relatively simple to 

design and implement and possessed high signal uniformity.  

Using MR images with in-plane resolutions on the order of tens of microns, 

delineation of mammalian cells (diameter ~5-15 μm) that cannot be excised like those in 

the aforementioned aquatic models could not be realized. However, with hardware 

advancements, e.g., higher  magnetic field strengths, stronger and faster-switching 
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gradients [45], and micro surface-coils whose magnetic field is non-uniform, but has the 

highest proximal sensitivity [18, 46-49], mammalian cells were finally delineated using 

MRM methods[50] and opened up a new chapter in MR-based  cellular imaging. Since 

one of the major gears behind the evolution of MRI into the microscopic level has been 

driven by improvements in resolution along with other improvements such as sensitivity, 

MRM was originally defined as MRI at or below 100 μm resolution in at least two of 

three spatial dimensions [180]. Even though resolution is not the only criterion 

necessary for MRM, from the view that resolution is necessary to resolve smaller 

objects inside a single voxel, it is the single most important criteria for visualizing 

heretofore unseen structures.  

In the course of improving MRM, there are still barriers to overcome. First, it 

comes from its poor inherent sensitivity. Given the microscopic resolution employed in 

MRM, the number of resonating spins is limited by voxel size. Additionally, the magnetic 

interaction between protons gets higher as they move into higher magnetic fields, 

therefore any inhomogeneities in the static field result in broadening of the spectral 

linewidth in the frequency domain. This can be minimized by optimizing hardware and 

software to obtain a uniform magnetic field, and improved by developing RF coils whose 

geometry offer an optimal filling factor and improved sensitivity. Among several ways to 

improve the signal-to-noise ratio, the chiefly used methods are as follows. The SNR can 

be increased by suppressing the noise voltage through a reduction in coil temperature. 

Alternatively, in high-resolution MRM imaging with fixed biological samples, lowering the 

sample temperature (provided it is kept above freezing) will increase SNR. When 

employing ever smaller voxels, the temperature-dependency in the temporal and spatial 
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domain becomes prominent. Some of the protons can exit the voxel in the course of a 

single TR due to thermally-driven Brownian motion, resulting in additional signal loss. 

This is in addition to T2-driven signal loss due to the temporal requirement 

implementing all imaging pulse sequence. By employing a gradient strong enough to 

overcome the limitations caused by magnetic field inhomogeneities (T2* loss), as well 

as bandwidth and diffusion-related, signal loss. Care must be taken during positioning 

when using micro surface-coils, or an unintended structure can dominate an image. 

Such structures include unwanted tissue tears or holes which are often caused by 

physical damage such as mechanical shearing force in sample preparation.  

In this study, and for the first time to our knowledge, subnuclear structures were 

investigated using MRM. We attempted to image nucleoli in the stage IV of frog ova 

using a 500 µm (Bruker Biospin, Z76414) and 100 µm (Bruker Biospin, Z76412) micro 

surface-coil (Figure 2-1). The potential of microscopic correlation was also investigated.  

Background information including descriptions of known components of the xenopus 

nucleus is revisited briefly. 

The nucleus’ visual prominence as a sub-cellular compartment in this frog ovum 

comes from the inherently different refractive indices between it and the surrounding 

nucleoplasm. This difference is distinguishable under phase contrast microscopy 

(Figure 2-2). At stage IV, the frog ova require high protein levels for the multiple stages 

of cell divisions associated with mitosis following fertilization. For effective production of 

protein, the cells require an elaborate assembly line of ribosomes, i.e., the nucleolus. 

The xenopus oocyte contains 1400-1600 nucleoli in a single cell which is approximately 

25~30% of the entire volume of the nucleus [51, 52]. Moreover, the large nucleoli 
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congregate at the periphery of the translucent nucleus [53], and each contacts a nuclear 

pore to transport protein subunits. 

To test for MR detectability, the internal constituents of the nucleus were 

examined. Results of these imaging experiments are described in Figure 2-3. The 

shape of the nucleoli in frog ova is primarily mono- or bi-spheroidal, unlike the “figure-

eight” shape found in  animals such as Aplysia californica [54]. Depending on 

morphological characteristics, they can  be classified into four types: ring-shaped 

nucleoli, nucleoli with nucleolonema [55], compact nucleoli, and micronucleoli, whose 

overall constituents have no membrane. In a single nucleolus, the fibrillar center (FC) is 

surrounded by the dense fibrillar component (DF). Both of these structures are 

surrounded by the granular component (GC) which contains dispersed chromatin 

[57].Their ultrastructure has been visualized using electron microscopy. The FC is 

composed of a network of numerous dense fibrils [56]. The surrounding DF has a 

similar thickness, but is sufficiently dense to be differentiated from the FC using electron 

microscopy. The GC, made up of fine granules with diameters of approximately15 nm, 

is located both inside and adjacent to the FC and DF. Once the cell cycle reaches a 

certain stage, the size and number of GCs is reduced as the proteins are transported 

from the reservoir to the cytoplasm. Additional subnuclear structures include vacuoles 

and chromatin. The micro-nucleoli contain fibrillarin and rRNA geometrically and may 

reflect the speed of recovery  or the presence of cellular repair mechanism in damaged 

cells [52]. In the nucleoli, vacuoles have a separate light refractive index, and a bubble-

like compartment filled with non-nucleolar neoplasm [151]. 
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The potential for MRM to be used to visualize these subcellular structures is 

increased by the presence of metals, i.e., aluminum, zinc, iron, copper, inside the 

nucleoli, oocytes and embryos of xenopus, quail oviducts, and rat follicular cells [58, 59, 

155, 156]. Although there is controversy regarding cellular iron’s ability to generate MR 

contrast, mainly because of its low concentration, confirmation of such contributions is 

not easily attained as these levels may be insufficient to be detected through histology. 

Utilizing an autoradiography technique, levels of the type of iron concentrated in the 

endoderm—a form of ferritin—may be assessed. Ferritin is an iron-storage protein 

which is responsible for storing intracellular iron (Fe3+) in a nontoxic form and 

regulating iron homeostasis [60, 61, 157]. However, due to its paramagnetic properties, 

the existence of iron in the nucleoli establishes the possibility for MRM to detect them 

through differences between the nucleoli and surrounding nucleoplasm without 

employing exogenous agents.  

Apart from the physical advantage of nucleoli images taken by MRM techniques, 

there might be potential clinical applications. Their importance in pathology is 

associated with modifications in their dynamic assembly. Such alterations result in 

spinal muscular atrophy disease or dystrophy [183] and Huntington’s disease [184, 

185]. Throughout their multiple divisions of embryonic-stage cells, the cells vary in size 

while keeping their nuclear integrity. However, morphological changes in the nucleus 

such as alterations in shape, size, etc, can be associated with other diseases: for 

example, hypertrophic nuclei are a diagnostic indicator of cancer [188,189]. For that 

reason, abnormal size and aberrant number of these nucleoli can be a sign used as a 

common prognostic indicator. Even if in vivo MR diagnosis at the cellular level is not yet 
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practical, unlike biopsy study, due to the reduction of processing time and visualization 

of 3D structures inside deep tissue without precipitating any potentially hazardous 

effects from an invasive protocol, MRM might be suitable for contributing to disease 

prognosis by offering endogenous tissue contrast. In the treatment stage, a common 

cancer treatment is chemotherapy, which damages the normal cells along with targeted 

cancer cells due to the use of exogenous, chemically toxic agents. However, by 

understanding the main mechanism for induced apoptosis, or programed cell death, of 

cancer cells which is driven mainly by the nucleoli, MRM could potentially detect the 

death signal and thus might open up new avenues in clinical tumor therapy. 

Methods 

Sample Preparations and Protocols  

Immersion fixed samples 

Oocytes of Xenopus lavis which had been fixed in 4% formaldehyde solution were 

isolated by gross dissection, washed in no less than 100X volume of PBS buffer (137 

mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; and 1.8 mM KH2PO4: pH 7.4 at 300 m Osm) 

to remove fixative, and cut into 50 µm and thinner slices depending on experimental 

needs. After washing in PBS, 4 to 5 ova were immersed in 2~3% agarose gels in 

embedding boats. Cutting neurons using a vibratome (Ted Pella, Lancer series 1000) 

yielded slices 75 µm thick. For histological validation, we tested varying thicknesses (25, 

30, 50, 75 µm). In order to enhance the diffusion of fixative into oocytes in the fixation 

process, we began by manually cutting oocytes in half and removing the ovum 

membrane and vegetal pole containing mostly yolk palate (Figure 2-4). In that way, we 

embedded the nucleoli in the immobilized nucleus and kept them as true to their original 

structure as possible. 
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Immersion of fixed samples in agarose and slice preparation 

The animal pole from oocytes of Xenopus lavis  were isolated and immersed in 

2~3% agarose gel, fixed in 4% formaldehyde solution, and washed overnight in no less 

than 100X volume of PBS buffer (137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; and 1.8 

mM KH2PO4: pH 7.4 at 300 mOsm) to remove fixative prior to MR imaging. Low melting 

temp (25oC) agarose at 2.5~3% concentration was mixed in PBS buffer at a 

temperature of ≥30º C). Six to eight oocytes were positioned at the bottom of 

embedding boats using a pair of micro forceps. Cells were positioned with the cut 

surface facing up. After cooling, the agarose blocks gelled, they were glued to a cutting 

block inside a vibratome. Cutting media was kept ice cold to ensure integrity and 

firmness of the agarose-embedded samples during the cutting procedure. Oocytes were 

sliced into 25, 35, 40, 50, 75 µm slices, depending on experimental needs. Cutting 

slices less than 25 µm thick was not possible due to equipment limitations and 

experimental limitations, in that thin slices are prone to signal to noise limitations. 

Magnetic Resonance Microscopy Imaging with Sample Retaining Apparatus 

Magnetic resonance imaging was carried out using commercially available 500 µm  

(Bruker Biospin, Z76414) or 100 µm (Bruker Biospin, Z76412) micro surface-coils 

provided by Bruker Biospin [146]. The MRI systems used were a 600 MHz (14.1T) 

(Oxford Instruments) and 750 MHz (17.4T) (Bruker Biospin), then interfaced with Bruker 

consoles, vertical magnets. Highly specialized sample positioning and micro-

manipulation skills are required when dealing with ultra-thin-sliced samples. Samples 

less than 1 mm in diameter inside a sample well were retained to the surface of the 

micro surface-coil by the nylon mesh and the retention apparatus. Technical aspects 

about positioning are shown in Figure 2-4. First, in order to stabilize ultra-thin-sliced 
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samples at the center of the micro surface coil, they were anchored with purpose-built 

equipment. These parts were delicate enough to maintain the morphological integrity of 

tissue specimen. Micro-wound 50 m-mesh (Small Parts, Inc., # CMN-0053-C) was 

employed for this purpose. Due to water surface tension, the mesh also requires 

additional weight to displace air from the pores. We used PBS buffer to suspend the 

sample in for imaging. A circular ring made out of polyethylene was employed to 

stabilize the samples on top of the coil. It was chosen for its high visibility and 

biocompatibility. By cutting a 1/3 opening using a sharp razorblade, an opening was 

used as a route for irrigating the sample and a venting hole for air. The well was closed 

with adhesive PCR film (ABgene, # AB-0558).  Securing the PCR film by pressing the 

rim of the tissue well with a micro-tweezer helped to prevent accidental water leakage 

when running long scans. Positioning micrometer-scale structures on the coil surface 

and morphological correlation work after MR scans was performed using a light 

microscope (Zeiss, Axioplan 2). All experiments were performed in the AMRIS facility 

located in the University of Florida’s McKnight Brain Institute. 

Image Analysis and Validations 

Imaged tissue slices were placed in a tissue embedding boat (22-038217, Fisher) 

and covered in agarose compound (22-110-617, Fisher). After the agarose solidified, 

slices were cut into 25 to 50 µm sections and placed on pre-washed, poly-lysine-coated 

microscope slides (12-550-13, Fisher; P-8920, Sigma-Aldrich). Tissue was allowed 24 h 

at ambient temperature to adhere to slides. Previously cryosectioned tissue was 

immersed in a DAPI stain. Following application of DAPI, slides were air-dried before 

applying mounting medium (HS-103, National Diagnostics) and cover slips. Last, 
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stained tissue sections were photographed using a RGB Spot camera attached to a 

Zeiss Axioplan 2 light microscope. 

Visualization of nucleoli with histological co-registration: Structures 

corresponding to nucleoli were visualized using DAPI stain. The histology shows that 

structures exhibiting low T2 values in our MR micro-imaging experiments were localized 

to areas in which DAPI staining had revealed the presence of nucleoli. By light 

microscopic imaging of intact, preserved morphological structures inside and outside 

the nucleus, slices were examined thoroughly for the subsequent MR microscopic 

imaging in a time-effective manner. After collecting the MR images, histology was 

performed. For example, DAPI, which is common and very active in staining nucleic 

acids inside the nucleus, was used. 

Results 

The representative micro surface-coil which was exploited heavily in these 

experiments was introduced in Figure 2-1. The sample under research in this chapter 

was a frog ova, which was introduced in 1986 [41] for the first visualization of the 

cellular compartmentation, i.e. nucleus and cytosol, and reintroduced here for 

delineation of subnuclear structure in the nucleus using a dedicated hardware such as 

surface micro-coils. The appearance of the nucleoli in the translucent nucleus from the 

manual dissection was scanned by the light microscopy in Figure 2-2. One sample light 

microscopic image of the internal structure of the nucleus was visualized in Figure 2-3. 

In the preliminary studies under the light microscope, a number of nucleoli were 

observed and their geometrical characteristics were introduced in the diagram in Figure 

2-3. Sub-nuclear structures, nucleoli, were shown to be spherical bodies approximately 

10~20 µm in diameter in our histology images. Most of them appeared to be compact 
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spheres, while others are vacuolated, as seen in the agarose-embedded slice model of 

stage IV. Figures 2-2 and 2-3 illustrate the three different kinds of nucleoli and 

subnuclear materials visible under the light microscope. Since there are different 

components intermingled inside the minuscule nucleoli, depending upon the mineral or 

metal constituents, the magnetic properties might generate different contrast. Some of 

them were aggregated into groups and were targeted to have a greater chance of 

obtaining MR contrast (Figures 2-2 and 2-3).  

Slices were investigated to detect nucleoli seen in our light microscopy images 

(Figure 2-5). Based on their diameter (15~20 μm), nucleoli only occupy three voxels at 

the resolution in our MR images. If there is any movement during imaging, the chance 

of obtaining images of subnuclear structures might be diminished. The hypo-intense 

signal regions in the nucleus of the frog ova correspond to the nucleoli (Figures 2-5 

through 2-13). The MRM images acquired with 14 T magnetic field strength (Figures 2-5 

through 2-7) offer coarse delineation compared to 17T magnetic field strength does due 

to less sensitivity in detecting the spins in the region of the interest. Furthermore, in 2D 

MRM images, smaller nuclei may have been impossible to visualize due to partial 

volume effects caused by coarse through-plane resolution. Nonetheless, most of the 

attempted correlation of nucleoli especially by using 14T and 2D MRM imaging 

acquisition scheme between the two imaging modalities showed that one-to-one 

correlation of subnuclear structure at this scale was not possible (Figure 2-6 and 7).The 

delineation of nucleoli and correlation was attempted with a 17 T magnet and 3D 

imaging acquisition schemes (Figure 2-8 through 2-13). A number of nucleoli inside the 

nucleus were detected in 3D gradient echo images and compared with corresponding 
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histological images. In order to make sure the nucleus intact as well as the to 

differentiate the hypointense signal areas coming from the subnuclear components with 

the air bubbles trapped, the T2-weighted 2D MSME scans were collected (Figure 2-8). 

Due to slice protocol, two different in-plane resolutions of 7.8 µm (Figure 2-9A) and 6 

µm (Figure 2-9B) were compared and attempted for higher delineation of the each 

subnuclear structure as individual as possible. By increasing repetition time, TR, from 

500 ms (Figure 2-10A) to 1000 ms (Figure 2-10B) to account for increased T1 relaxation 

time, the signal inside the nucleus can be compensated. However, to find the optimal 

contrast-to-noise ratio with the limited signal-to-noise ratio, the interactions between the 

relaxation times and field strength needed to be taken into account. Two light 

microscopy images which present different geometric features and distribution of 

nucleoli (solid red arrows in Figure 2-11B and dotted red arrows in Figure 2-11C) by 

varying the focal point or on the different stacks were aligned next to each other. These 

show the aggregation of nucleoli in the in-plane as well as through-plane dimension 

which sometimes makes one-to-one correlation between two imaging modalities non-

practical with the current status of MRM imaging technologies. While exact correlation 

of MR and histology images of aggregation of nucleoli in 30 µm thick slices with 

histological images was not forthcoming, use of a thinner slice or confocal microscopy 

might aid in future attempts to achieve correlative histological conformation of 

subnuclear structures. Histological fluorescent image employing DAPI staining for the 

nucleic acid showed that the structures exhibiting low T2 values in the nucleus in our 

MR microimaging experiments revealed the presence of nucleoli (Figure 2-12).  
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Discussion 

These data represent the first instance subnuclear structures were detected using  

MRI without the use of an exogenous contrast agent. In the granular material of the 

nucleoli, short T2 results in hypointensity against the nuclear background. Some images 

show basogenic material. Figure 2-1 shows the geometry of the Bruker surface-coil. 

The sample in Figure 2-2 illustrates nucleoli residing inside the translucent nuclear sack 

shown as crescent-shaped scaffolding. Still, some remnants attached to the nucleus are 

mostly cytoplasmic compartments with lipid contents from the vegetal pole. After trying 

to scan the intact, unsectioned cell, it was realized that this was not the best strategy. 

For that purpose, a solenoid coil was better suited. At the same time, we needed to find 

a way to compensate for sensitivity loss. We chose to cut the oocyte into thin slices, 

which turned out to be the best way to visualize and detect small, subcellular structures. 

Most validation work was based on the MR correlation with the unstained histological 

images due to different light reflex indices of the nucleoli inside the translucent nucleus 

or germinal vesicle. However, given the need for an essential validation process of the 

subnuclear structures, performing different staining methods for validation will comprise 

a large amount of future work. For example, using silver stain, the large nucleoli 

containing the fibrillar region could be effectively differentiated from other subnuclear 

materials as micro-nucleoli and vacuoles.  

Sample selection before MR microscopy can be done by employing a higher 

resolution light microscope to select and position samples with optimal tissue structure. 

Depending on the stage of oocyte development, as the oocytes get bigger in the more 

mature stages, the majority of mitochondria are located in the animal pole. This 

structure pulls and indents the membrane of the oocyte in the germinal vesicle resulting 
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in a crescent formation on the surface. Through careful selection, samples with large 

nucleoli can be selected and micro-nucleoli, which have only fibrillar zones without 

granular cortex, can be avoided. In that way, correlation work after the MR scans could 

have a much higher success rate. Care should be paid in the manual dissection 

procedure, as a second round of fixation of the nucleus was required to achieve 

adequate sample firmness in some cases. Additionally, the embedding of bisected 

oocytes in agarose caused slight variability in slice position. Consequently, the shape of 

the nucleus might not appear the same in different imaging. The differences in chemical 

composition inside the two poles might affect the MR signal intensity since yolk platelets 

are known to cause hindrance effects in the highly diffusion-weighted images [63]. 

Since MRI can detect different tissue components based on inherent contrast 

mechanisms such as relaxation times, if any materials which have different magnetic 

susceptibilities can cause sometimes unwanted image artifacts. These effects can arise 

from the boundary between two different media having different local magnetic field 

strength. The consequent decrease in T2-causing the additional signal loss in the image 

is more severe in gradient echo images but less or nothing in spin echo which is 

immune to this de-phasing [7]. For that reason the spin echo is often employed to prove 

that the hypo-intense signal is not due to susceptibility effects from the air bubble. 

Therefore, the subnuclear components turned out not to be air bubbles (Figure 2-10). 

Given the importance of the validation process of mapping the MR-visible structures 

with other imaging modalities, extra care dealing with this interference from the 

magnetic field inhomogeneties coming from beside the actual cellular components 

should be paid [7, 22, 243].         
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Last but not least, attempts were made to correlate subcellular structures seen in 

our MRM images with light microscopy as shown in Figure 2-11. Even with the SNR and 

CNR achievable on state of the art imaging systems, comparatively poor sensitivity and 

resolution of MRM still needs to be enhanced for validation of nucleoli. In Figure 2-11, 

consecutive histological images (Figure 2-11B and 2-11C) of different levels within the 

slice collected by varying focal points inside the 40 µm slice depth is displayed.     

In a recent report by Brangwynne et al. (2011), they manipulated the nucleoli 

embedded in the elastic nucleoplasm and fused two nucleoli into a larger nucleolus [64]. 

They report that the nucleoli possess the liquid-like characteristics and can be fused 

after a short time (approximately in 5 min). Even though in this study the fixed cells were 

employed, by treating cells with Cyto-D, a drug which destroys the f-actin prior to 

fixation, we could induce fusion of nucleoli inside the nucleus and increase the chance 

of visualizing these structures by making quite a few numbers of nucleoli in one big 

mass.  

Conclusions and Future Work 

Throughout this preliminary investigation of the subnuclear structures, i.e. 

nucleoli, in Xenopus oocytes, the subnuclear structures were detected with MRM and 

validated with other imaging modality by utilizing their different light-refractive index with 

surrounding nucleoplasm. Even if the one-to-one correlations with their contrast of MRM 

images with that of light microscopic images, the contrast from the subcellular structures 

at least discriminable. By having the quantitative analysis for now, we hope the future 

works can be designed to reveal the reasons for non-mono exponential characteristics 

about the MR diffusion signal behavior in the intracellular compartments including the 

origin of non-mono diffusion signal characteristics in the nucleus which has been 
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invisible with the conventional imaging apparatus so far. Once the reference on the MR 

signal characteristics out of the nucleoli in the nucleus is set up, the potential of this 

preliminary research is significant, By having the delineating the sub-nuclear structures 

with MRM and the associated information about the changes in size and structure of 

nucleus, the cellular MRM imaging might contribute to diagnose the human diseases 

such as cancer [188, 189] or genetic diseases [183, 184, 185]. Only if the large, ring-

shaped nucleoli with their fibrillar centers get stained, then, as the big nucleoli reflect the 

rapidity of cell division, this work might contribute to the tumor analysis. The alternative 

possibility of applying MRM is far-reaching yet realizable to utilize to monitor the change 

in the proliferation mechanism of viruses which activates after injecting their genetic 

material into the cell nucleus to take advantage of the cell’s proliferation mechanism, the 

virus bursts the cell membrane and releases the proliferated material throughout the 

human body. Without going through any destructive protocol such as dehydration and 

exogenous chemical stain agents, if the inherent MR-based stain works in the intact 

internal structures inside the deep tissue, this preliminary research might contribute to 

pathodiagnose the genetic disease associated with nuclear alterations in nuclear body 

assembly and function such as spinal muscular atrophy or dystrophy [183] and 

Huntington’s disease [184, 185], and the potential cancer diagnoses in deep tissue. 

Furthermore, in conjunction with the tumor therapy with apoptosis, programmed cell 

death, if MRM could be utilized as a biomarker for early diagnosis or if it could access a 

specific signal to trigger a suicide mechanism through the nucleoli or the iron inside 

them, it could offer an aid to access the tuning ability of the suicide mechanisms of the 

cancer cells [62].  
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Figure 2-1. Representative photograph of the 500 μm surface micro-coil. The 500 μm, 
four-turn surface micro-coil, which was developed by Bruker, Switzerland 
(Z76409), sits inside a 5-mm-diameter and 500-μm-deep tissue well.  
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Figure 2-2. Light microscopy images of a frog ovum. The semi-transparent nucleus 
(germinal vesicle) exposed after manual dissection shows the many nucleoli 
appearing as compact bi-spheroidal bodies with diameters of 10~20 μm. 
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Figure 2-3. Light microscopy image of nucleus of frog ovum and schematic of the 

subnuclear constituents. A) Representative image of the slice containing the 
nucleoli and B) expanded version of the sample nucleoli. (C-E) Illustrations of 
different types of nucleoli consisting of granular component (GC), C) single 
dense and D) smaller dispersed fibrillar component (DF), fibrillar center (FC), 
vacuole and chromatin dispersing irregularly inside the nucleoli, E) 
Micronucleoli containing only FC surrounded by DF.  
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Figure 2-4. Schematic of cellular structure of frog ovum and the protocol of sample 
preparation. A) Oocytes were hand cut under a dissecting scope, then 
immersed in 4% formaldehyde solution in PBS overnight for fixation. The 
translucent globular nucleus presents dots of nucleoli in red, animal pole 
surrounding nucleus in the upper hemisphere, and vegetal pole mainly made 
up of fatty yolk. B) Bisected ova lie inside the agarose block and using a 
vibratome, cutting frog ova into slice samples whose thickness is between 25 
and 75 µm. C) Inside the sample well on the micro surface-coil, the slices 
embedded in agarose lie on top of the coil, suppressed by the nylon mesh, 
the retention ring, and sealed by the PCR fim. Mesh pore diameter = 50 µm. 
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Figure 2-5. Direct comparison between cellular compartments in MRM and histology 

images. A) The MRM image was acquired with in-plane resolution of 11.7 µm 
B) The MRM image was acquired with in-plane resolution of 5.8 µm acquired 
with 14T of magnetic field strength. C) The corresponding light microscopic 
image which underwent the MRM acquisition MR scan parameters: 2D T2 
weighted images of 30 µm slice of oocyte illustrating signal inhomogeneity in 
the nucleus (bright central region) Imaging parameters: resolution = A) 11.7 x 
11.7 x 50 µm3, B) 5.8 x 5.8 x 50 µm3, spectral width = 50 kHz, TR = 3000 
msec, TE = 30 msec, Avg = A) 30, B) 40. 
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Figure 2-6. Direct comparison between cellular compartments in MRM and histology 
images A) Representative MRM image scanned from the slice of frog ovum 
acquired with 17 T magnetic field strength. B) The expanded view shows the 
morphology of subnuclear structures in MRM image based on different 
magnetic properties. C) The corresponding light microscopy image presents 
the morphological information based on the light refractive index. MR scan 
parameters: 3D gradient echo images of oocyte illustrating the dark-spot 
nucleoli in nucleus (hyperintense signal at the center). Imaging parameters: 
resolution = 7.8x7.8x15.6 µm3, spectral width = 22058 Hz, TR = 1000 msec, 
TE = 8.42 msec, FOV = 1 x 1 x 1 cm, MTX = 128 x 128 x 64, Average = 8, 
acquisition time = 18 hr 12 min.  
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Figure 2-7. Comparative analysis between MRM and histology images. A) The 
representative MRM image was scanned with 17T magnetic field strength and 
presents the MR characteristics inside the nucleus and cytoplasm of the frog 
ovum. B) The comparative light microscopic image presents the 
characteristics in the intracellular structures based on the light refractive index. 
C) The subnuclear structures such as nucleoli are well presented. MR scan 
parameters: 3D gradient echo images of oocyte illustrating the dark-spot 
nucleoli in nucleus (hyperintense signal at the center). Imaging parameters: 
resolution = 7.8 x 7.8 x 15 µm3, spectral width = 22058 Hz, TR = 500 msec, 
TE = 8.42 msec, FOV = 1 x 1 x 1, MTX = 128 x 128 x 64, Avg = 2, acquisition 
time = 1hr 22min.  
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Figure 2-8. A series of T2-weighted MRM. The images were scanned from the slice of 
frog ovum acquired with 17T magnetic field strength. MR scan parameters: 
2D Multi Spin Multi Echo images of oocyte illustrating structures with 
hypointense signal properties in the nucleus (hyperintense signal at the 
center). Imaging parameters: resolution = 17 x 16 x 200 µm3, spectral width = 
50 kHz, FOV = 2.2 x 2.0 cm, MTX = 128 x 128, TR = 2000 msec, TE = A) 
13.6 ms, B) 18 ms, C) 22 ms, D) 30 ms, Average = 6, Acquisition Time = 25 
min.  
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Figure 2-9. A series of 3D GE MRM with different resolution. The 3D MRM images were 
scanned from the slice of frog ovum acquired with 17T magnetic field strength 
at two different resolutions. MR scan parameters: 3D gradient echo images of 
oocyte illustrating the dark-spots within the cell’s nucleus (hyperintense signal 
at the center). Imaging parameters: A) Resolution = 7.8 x 7.8 x 15.6 µm3, 
spectral width = 22058 Hz, FOV = 1 x 1 x 1 cm, MTX = 128 x 128 x 64, TR = 
500 msec, TE = 8.4 msec, Avg = 8, Acquisition Time = 9 hr 6 min, B) 
Resolution = 6 x 6 x 15.6 µm3, spectral width = 22058 Hz, FOV = 1 x 1 x 1 
cm, MTX = 166 x 166 x 64, TR = 500 msec, TE = 10.48 msec, Avg = 14, 
Acquisition Time = 20 hr 39 min .  
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Figure 2-10. A series of 3D GE MRM with different resolution and TR. The 3D MRM 
images were scanned from the slice of frog ovum acquired with 17T magnetic 
field strength at two different repetition times. MR scan parameters: 3D 
gradient echo images of oocyte illustrating the dark-spot nucleoli in nucleus 
(hyperintense signal at the center). Imaging parameters: A) Resolution = 7.8 x 
7.8 x 15.6 µm3, spectral width = 22058 Hz, FOV = 1 x 1 x 1 cm, MTX = 128 x 
128 x 64, TR = 500 ms, TE = 8.4 ms, Avg = 8, Acquisition Time = 9 hr 6 min. 
B) Resolution = 6 x 6 x 15.6 µm3, spectral width = 22058 Hz, FOV = 1 x 1 x 1 
cm, MTX = 128 x 128 x 64, TR = 1000 msec, TE = 8.4 msec, Avg = 8, 
Acquisition Time = 18 hr 12 min . 
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Figure 2-11. Comparative analysis between MRM and histology images A) MRM image 
presents the characteristics of MR signals inside the nucleus of the frog ovum 
acquired with 17T magnetic field strength. B) and C) The two consecutive 
light microscopic images along different focal depth present different 
geometrical existence of nucleoli (solid arrows in red). C) The dotted arrows 
indicate the nucleoli which are out of focus. MR scan parameters: 3D gradient 
echo images of oocyte illustrating the dark-spot nucleoli in nucleus 
(hyperintense signal at the center). Imaging parameters: resolution = 
7.8x7.8x15.6 µm3, spectral width = 50 kHz, TR = 500 msec, TE = 8.42 msec, 
Avg = 2, acquisition time = 1 hr 22 min.  
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Figure 2-12. Representative histological image of frog ovum stained with DAPI. The 

blue, circular structures indicated by arrows (red) are DNA-containing 
structures inside the nucleus correspond to nucleoli. 
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CHAPTER 3 
REVEALING SUBCELLUAR ARCHITECTURE AND INTRACELLULAR DIFFUSION 

CONTRAST FROM L7 NEURONS OF APLYSIA CALIFORNICA 

 Introduction 

Magnetic resonance microscopy (MRM) has recently been able to resolve rat, pig 

and human neurons ranging from 50 to 100 μm in size. Without the use of any 

exogenous or toxic chemical agents,  MRM offers unique contrast  thus establishing a 

new method for direct quantitative analysis of cellular architecture [50].  

MRI has been evolving  since its first appearance in the 1970s when images were 

first taken at sub-milimeter resolution [40].The first practical application of MRM, a 

subset of MRI, was demonstrated in 1986  with imaging of subcellular structures  animal 

cells such as rat brain [178], frog ova [41], plant stem [177] at  tens of microns 

resolution. Applications  were not limited to  biological samples and have found 

alternative uses [42-44, 65]. In addition to embryonic frog ova, a neuronal soma, L7, 

isolated from the abdominal ganglia of Aplysia californica has been imaged using MRM, 

and ushered in MR-based delineation of a more complex neural system. In addition with 

the embryonic frog ova, an actual neuronal soma, L7, isolated from the abdominal 

ganglia of Aplysia californica with MR microscopic imaging blazed the trail for the 

possible delineation of the complex neural system. Despite the difference with 

mammalian nervous systems, i.e., non-vertebrate animal and 60~100 times bigger than 

mammalian neurons in size, the animal has gained popularity in comparative and 

behavioral neuroscience as an early model of the CNS of mammalian [66]. 

Benefits of Using This Animal 

Among many reasons to employ this marine animal, Aplysia californica, the 

advantages are as follows. First, from a comparative point of view, it has primitive CNS 
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structures compared to the CNS structures of mammalian species. It is used in research 

on behavioral learning and memory, applicable to elementary memory loss from aging 

and to signal pathways of the neurons. The unique feature of this animal is the giant 

size of specific neurons, such as L7 and R2 (Figure 3-2) and are similar to the 

hypertrophy of big cells in mammalian CNSs, such as Purkinje cells [66]. Second, due 

to easier access to its individual big neurons, its applicability to the MR receiver coil, 

especially a solenoidal coil type, has caught the attention of the MR community [20, 33, 

41, 43, 81, 82]. However, with relatively poor resolution and sensitivity, the partial 

volume averaging interfered with the MR signal analysis of the neuronal model. 

Specifically, it was noted that there was ambiguity concerning the assignment of cellular 

compartments [33]. That ambiguity is somewhat mitigated by improved technology, 

including micro surface-coils and strong /fast-switching imaging gradient coils 

developed by Bruker for much improved sensitivity and resolution. 

Novelty of the Current Study  

The novelty of this present research comes from two modifications of the sample 

preparation protocols. First, unlike a conventional protocol using chemically 

manufactured artificial seawater, the actual body fluid ejected from the animal was 

employed in order to avoid any minute concentration differences and resultant 

physiological changes from the artificial sea water, such as Ca, Mg or K, protein water 

density, in the environment around the neurons as reported by Albrecht Bethe [186]. 

Even if the amount of liquid was not great, it was sufficient to fill the sample well of the 

micro surface-coils for our MRM experiments, and the comparison, presented in Table 

3-1, shows insignificant differences in terms of osmolarity. Second, in conventional 

sample preparation, an enzymatic and chemical solution, e.g., collagenase and trypsin, 
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was employed to loosen the external layer of the ganglion sheath, muscle, collagen, 

and fibroblast (Figure 3-3), In this study, however, after learning of the possible loss of 

glial cells and extracellular matrix by this exogenous media [74], the surgery was carried 

out without the addition of any digesting media. Also, additional neighboring cellular 

regions and structural protein in the extracellular matrix (ECM) offer structural support 

for sample positioning in the sample well of the micro surface-coils. Extra care should 

be taken not to compress or burst the neurons, although the neurons were mostly intact.  

By employing a primitive, single neural cell body—L7 of A. californica—in our 

study, the origin of the MR signal at a sub-cellular level, especially in the intracellular 

domain, was investigated. To our knowledge, this is the first study to delineate the 

cellular compartments of L7 using MRM correlated with histological data region by 

region. The Aplysia neuron was prepared using several different methodologies, i.e., 

whole cell, bisected, and segmented as shown in Figure 3-4, to reveal different 

intracellular structures. Interestingly, the L7’s structural integrity was strong enough to 

hold together after being fixed and most cells remained intact after fixation. Contributing 

to its prominent size was reportedly due to the secretion from the granules inside 

numerous glial-like support cells on the periphery of the big neurons [187]. These glia 

type cells often made the invaginating contact with the nucleus known as  

trosphospongium [68-71]. There have been historical controversies regarding its identity, 

but in our slice models revealed that its different MR signal characteristics from the 

nucleus and direct correlation was visible by its unique MR contrast. From the previous 

study [20], the water diffusion inside the nucleus is close to that of the free water, and 

more restricted MR diffusion signal is attributed to the cytoplasm might be due to 
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structures of cellular organelles inside resulting in non-single component diffusion. Even 

though there have been attempts to probe the properties of organelles by varying 

diffusion times, these subcellular structures other than nucleus and cytoplasm are still 

too small to measure ADC in [24, 73]. 

Interestingly, there are tiny some cells embedded in mesh-like fibers, that are 

pervasive on the outer surface of the L7 neuron’s plasma membrane. These cells is 

reported to deliver nutrition in the form of glycogen to the nucleus, as well as provide 

structural support to the cell [74, 75]. When using a dehydration protocol commonly 

employed in electron microscopy, the glial cells readily separate from in between the 

mesh-like fibers [54, 76]. They contain large amounts of water and glycogen, because 

they are involved in homeostasis and osmotic regulation [74]. These small, supportive 

cells and mesh-like fibers outside the L7 neuron contribute to cellular communication 

between neural cells and can serve as an early indicator for ischemic stroke as they 

become swollen during this process. Additionally, they may be one of the primary 

sources of restricted diffusion in diffusion-weighted imaging along with the extracellular 

matrix embedded in the tissue of the CNS, and swollen glial-like cells might add to the 

fraction of compartments-contributing to the lower diffusing  ADC [74, 77]. 

Based on mapping intracellular compartments by histology, we hope this study will 

contribute to knowledge about the origin of MR signal in physiology as well as pathology. 

In future work, by perturbing the external medium—i.e. changing the tonicity of the 

perfusate to induce cellular swelling with the hypotonic medium—mechanisms and 

dynamics behind the observed decrease in ADC as in human disease such as stroke 
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could be characterized with higher sensitivity and resolution to reveal information which 

can be used to improve our ability to interpret clinical data.  

Methods 

Sample Preparation and Protocols  

Adult, marine gastropods, A. californica, were obtained from Aplysia Resources 

Center (University of Miami, FL) and L7 and R2 neurons along with additional satellite 

cells were isolated from the abdominal ganglia by gross dissection without using a 

collagenase/trypsin digestive solution usually employed to disintegrate connective 

tissue. This was to avoid any chemical interference or potential loss of glial type cells 

from the connective matrix in the intracellular region after digestion of collagenase. This 

potential loss of glial type cells in the protocol have been reported by other research 

groups attempting to visualize them using different imaging modalities such as electron 

microscopy [74, 76-78]. Furthermore, in order to avoid any kind of chemical 

contamination from artificial sea water, the body fluid of the sea slugs extracted from the 

abdomen through the foot by a syringe needle—which has more natural protein, 

resulting in higher viscosity and more visible air bubbles—was used as a surgical media 

and imaging buffer. Leaving the other cells intact and attached to the plasma 

membranes of the L7 and R2 neurons made positioning and manipulating the sample 

slices easier. They were stored for a minimum of 24 hours in artificial sea water (ASW; 

in mM, 460 NaCl, 10.4 KCl, 55.0 MgCl2, 11.0 CaCl2, 15.0 Hepes, pH 7.85) with 4% 

formaldehyde as a fixative. After washing in 3X serial washes in PBS, a subset of 

neurons (usually 4-5) were selected and immersed in melted agarose-filled embedding 

boats for high throughput sectioning. Cutting neurons using a vibratome (Ted Pella, 

Lancer series 1000) yielded slices from 25 µm to 100 µm. For histological validation 
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before and after MR scanning, careful preservation of the slice sample is required. 

During preliminary experiments, we found that in some cases due to differences in 

density between connective tissues and cellular compartments, cutting direction, and 

thickness, the large nucleus in the L7 neuron dislocates easily from sliced samples. 

Selection of appropriate samples—i.e. those with intact nuclear compartments following 

slicing—under a light microscope before the MR microscopy scan was required for 

experiments to be conducted in an efficient manner. Special care should was taken 

when positioning samples inside the MR apparatus and completing the histological 

staining process to ensure the tissue remained intact during these procedures. 

Sample Positioning and Magnetic Resonance Microscopy   

Proper positioning of the circular cell slice in the micro surface-coil’s tissue well 

that sits vertically inside the magnet was quite challenging. If the sample was not settled 

on the coil surface in some cases, the slice itself drifted down and away from the 

surface coil due to the gravity. 

We employed two novel slicing methodologies in these experiments. The first 

included placing the cut surface of a bisected (Figure 3-4B), fixed L7 neuron to the 

surface coil thus avoiding any potential loss of cellular organelles while gaining access 

to the neurons’ interior. The other method consisted of imaging intact pre-sliced 

sections (≥25 µm), of fixed neurons for easier 2D diffusion image correlation with light 

microscopy.  

As discussed above, the size of the L7 neuron makes them good candidates for 

morphological studies investigating the intracellular architecture of the neuron. Once it 

was confirmed under the dissecting scope that the cells plasma membrane was intact, 

the chosen sample underwent fixation in 4% formaldehyde overnight. To remove the 
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fixative prior to imaging, samples were washed in PBS through no less than four buffer 

changes. Using a razorblade under the dissecting scope, the one of the lager neurons—

L7 or R2—was cleaved into two pieces. In an attempt to reveal such subcellular 

structures as the nucleus, cytoplasm, membrane, glial cells, and extracellular matrix 

(ECM), we obtained high resolution (10 µm3) 3D images. The final images contained 

approximately 30 voxels. For the experiments conducted on bisected neurons (Figure 3-

4B), an auxiliary sample holder made was developed in-house to keep the sample from 

experiencing  mechanical motion from water surface tension during placement of the 

tissue and  PCR film for sealing the well (Figure 3-5).  Additionally, to place the bisected 

cell in the comparatively large sample well, the diameter and depth of which are 5 mm 

and 500 µm, respectively, additional bag cells [66] and axons remained intact and 

attached to the neuron (Figure 3-5). These structures, while not the focus of our imaging 

experiments, aided in positioning of the sample and holder while securing them in the 

sample well.  

Measurement of Osmolarity: Artificial sea water (ASW) has been used to match 

physiological measure osmolarity for aquatic animals in conventional isolation protocols 

[20]. However, in order to obtain the best physiological match for our isolation medium, 

the body fluid [186] from A. californica was used. In order to extract it, a syringe (BD 

Syringe, 3ml 23G) was used. The fluid osmolality was measured using an osmometer 

(Osmette, Precision Systems, Inc.). The osmolality values are given in Table 3-1.  

Image Analysis and Histological Comparisons 

We can utilize some features of the sample—such as its large size—and hardware 

advancements to delineate subcellular structures with higher sensitivity and resolution 

using MRM. Although it has disadvantages compared to other imaging modalities such 
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as optical or fluorescence microscopy, MRM is the only method that offers MR contrast. 

Here, for the accurate comparison between MR-stained cellular compartments with 

other validation methods, the fixed L7 neurons were segmented after being embedded 

in 2~3% of agarose solution as described in Figure 3-4.  Specifically, using a 

histological staining method like Nissl (e.g., aniline, thionine, or cresyl violet), we can 

validate the location of the intracellular cytoplasm in neurons. This method highlights the 

cell body, specifically the endoplasmic reticulum, in a blue or purple-blue hue. Using this 

method, we could determine where the cytoplasm was located in our histology and—in 

turn—our MRM images. To stain the nuclear compartment, DAPI stain (Vectashield, 

VectorLab H-1200) was employed. It revealed the boundary of the nucleus under the 

fluorescent scope. Finally, to define the boundary between the intra- and extracellular 

space, the delineation of the plasma membrane was carried out using PKH 67 

Fluorescent Cell Liner Kits dye obtained from Sigma Biosciences (St. Louis, Mo.). 

Results 

Delineation of Subcellular Architecture in a Neural Cell of A. californica using MR-
Detectable Contrast Employing Novel Methodologies of Sample Preparation 

Only with the endogenous MR signal relaxivities, the intracellular ultrastructure of 

the whole cell was visualized with finer resolution by the 3D spin echo imaging 

sequence (Figure 3-6). In the Figure 3-6, there are more than two intracellular 

compartments visible, which were not seen in earlier studies employing lower resolution 

[33, 43, 81]. This also provides needed information about neural compartments for 

tissue modeling studies. When viewing the tissue first without exogenous chemical 

stain, the presence of an unknown structure having unique light refractive indices was 

revealed (Figure 3-6B). Even smaller, neighboring cells present additional 
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compartments in the MRM images. So far, however, only histochemical or fluorescent 

images can be used to confirm the identity of structures in MR images. When using the 

whole, intact cell, Nissl stain offers limited intracellular accessibility due to the external 

sheath of ECM. Even after being stained with Nissl, the individual structures could not 

be discerned under the light microscope due to insufficient light penetration.  

Interestingly, as shown in Figs. 3-6, 3-7, and 3-8, the large size of the nucleus, 

which fills more than 50% of the entire volume of the neuron, the existence of 

subnuclear structures, presumably nucleoli, and the  cellular structure termed the 

trosphospongium [54]. The size and morphology of this subnuclear structure possessed 

sufficient contrast for its distinction from the structure of the nucleus. Even though 

definitive histological correlation is not presented here, the MR signal’s heterogeneous 

nature inside the nucleus from the adult animal presaged another regime of MRM. Still, 

in the case of the bisected cell, Nissl staining met with limited success in improving light 

penetration, scattering, and absorption from the ECM.  

In qualitative MR images, validating the presumed structural elements described 

above was done by histology. For that purpose, another methodological approach was 

devised: application of agarose routinely utilized in cell suspensions. Once embedded in 

the agarose, the sample underwent a cutting process using a vibratome to yield 

uniformly 75 µm-thick slices. As presented in the diffusion-weighted 2D images of 

Figure 3-10, the capabilities of DWI performed well to present the diffusion of water in 

the cellular architecture. The contrast of intracellular structures is not visible in a b = 0 

image, but the cellular compartments were clearly delineated in the high b-value 

images. These were the nucleus, cytoplasm, and an unknown external layer, and for b 
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values over 4000 [s/mm2], the water signal from restricted diffusion remained visible in 

the external layer. The other layers as a whole became hypointense. Additionally, in the 

light microscopy images at 40x magnification, five different subcellular compartments 

were observed (Figure 3-10). Specific features found in the image included the 

unknown, invaginated structure associated with the nuclear compartment. Second, the 

orange field in the histology image is located inside the cytoplasm. It shares common 

features with mammalian cells in that the color comes from ferrochrome, an iron-

containing enzyme, used for ATP energy production. Additionally, in this animal, there is 

another enzyme in the cytoplasm, lipochondria, which is activated by light [72].  

Histological Confirmation of the MR-delineated Subcellular Architecture of a 
Single Cell of A. californica  

In conjunction with specific structures, individual compartments can also be 

identified. By utilizing the methodological scheme described by the ex vivo slice model, 

the identity of the compartments was revealed. First, in order to define the intra- and 

extracellular domains, the plasma membrane was identified. As illustrated in Figure 3-

11, the green fluorescent signal illuminates the plasma membrane which is 

demonstrated to be located between the external layer and the intracellular 

compartment. This reveals that the former analysis of this single cell model was carried 

out not only on the intracellular components, but also included structures from the 

neurons exterior. This may be due to SNR and sensitivity limitations, as well as lack of 

sufficient resolution. Our DAPI staining delineated the nuclear region of cells adjacent to 

the large, single neural cell as well as numerous tiny cells at the periphery of big and 

smaller neural cells. The last round of staining was conducted using Nissl to stain the 

cytoplasmic compartment.  The 3D reconstructed images included unknown, 
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intracellular structures whose identity was confirmed through histology (Figure 3-12). It 

shows the pervasiveness of glial cells around the large neural cell in the ECM. The 

ECM, in turn, surrounds the intracellular structures, i.e., nucleus and cytoplasm of L7, 

R2 and tiny satellite cells. 

Preliminary Studies to Determine MR Contrast and Intracellular Water Diffusion 
out of the (Sub) Cellular Architecture of a Single Cell of A californica using 
Diffusion MRM  

In conjunction with earlier findings, it was a natural extention to investigate the 

microstructural compositions of cells using contrast related to water diffusion, such as 

diffusion anisotropy. Based on the slice model, such intracellular compartments—

nucleus, cytoplasm, and external glial cells embedded in the ECM—were imaged with a 

b value of 1500 [s/mm2] (Figure 3-13).Six different diffusion sensitizing gradients were 

used to collect diffusion tensor data in an attempt to describe the diffusion properties of 

the cell. A fractional anisotropy (FA) map was reconstructed by Fandtasia: software 

developed by Angelos Barmpoutis at the University of Florida [80]. The result showed 

that, while there was not high anisotropy both in the nucleus and the cytoplasm. 

Nonetheless, the glia and the ECM region displayed a rather disoriented anisotropy due 

presumably to the dense fibers wrapped with glial cells.  A higher number of diffusion 

directions and a lower diffusion time may be required to achieve a better delineation of 

anisotropy in the intra- and extracellular compartments.  

As mentioned above, in hopes that probing diffusion on a smaller scale might 

reveal additional details related to anisotropy of the MR diffusion signal, we applied 

variable diffusion times to the slice model. In Figure 3-14, we present data from 

experiments conducted with two representative diffusion time scales: 5ms and 11ms. 

These studies were conducted on a 600 MHz spectrometer and were intended to 
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monitor the dependence on MR diffusion time. First, the difference in diffusion 

characteristics between the nucleus and trosphospongium [54] was investigated and the 

high diffusion restriction in the glial and ECM region was observed. By sampling the 

diffusion time scale, signal change displaying dependency on the diffusion time was 

expected. Figures 3-14 and 3-15 show data from experiments conducted on a 750 MHz 

spectrometer. These studies probed a wider time scale of diffusion values including 

8.52, 11.3, and 19 ms. Different diffusion behaviors in the nucleus and cytoplasm were 

observed in Figure 3-15B. By increasing the diffusion time, signal from the nucleus was 

significantly reduced in Figure 3-15C. The existence of a double nuclear membrane 

(Figure 3-15A) is another characteristic of this large neural cell and might contribute to 

water restriction effects along or inside the dual membrane.  

Preliminary Studies to Investigate the Fixation Effects on the (Sub) Cellular 
Architecture of a Single A. californica Neuron. 

In this preliminary experiment, a live L7 neuron in vitro, following a 9-hour-long MR 

scan, was immediately fixed using 4% formaldehyde. After washing the sample in PBS 

overnight, it was positioned as closely as possible to the coil and imaged. A one-to-one 

comparison between pre- and post-fixation cells was carried out. In the live-cell imaging, 

the cell was bathed in the abdominal body fluid [186], which was extracted during 

surgery. In the 3D gradient echo images shown in Figure 3-16, structural variations 

inside the intracellular compartment were observed and displayed heterogeneous MR 

signal. In comparison to the images conducted on fixed cells in which the signal from 

the bath medium, glia and the ECM region showed significant increases in signal in 

Figure 3-16B.  
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Discussion 

Novel Methodology in Sample Preparation 

To our knowledge, this study represents the first time in MR imaging that cellular 

compartments with region by region histological correlation is reported. By means of 

micron-scale resolution, the microscopic origin of the MR signal was elucidated. 

Furthermore, the microstructure of organelles in the cell were delineated: a result we 

hope will provide useful information to help  detect the early onset of disease and shed 

light on resolving challenging issues in the macroscopic realm using microscopic 

resolutions.  

To help understand the MR characteristics of neural circuits, the simple and large 

neuron of A. californica was employed. The fixed neuron was utilized and, given the 

need for higher resolution of internal microstructure of the cell by MRM, the cells were 

embedded in agarose and sliced for increased access to internal structures.  

Conventional surgical protocol for gross dissection of the L7 or R2 neurons require 

such exogenous enzymatic and chemical agents as collagenase and trypsin to help 

loosen tissues surrounding the cells and allow for easier access  to extraction with 

surgical equipment. The neurons structural integrity—including the surrounding sheath 

filled with glial cells—was carefully preserved. Having completed the extraction without 

proteolytic enzymes the ganglion sheath consisting of collagen, muscle, and fibroblast 

was largely intact. In our protocol, artificial media was eliminated so as to prevent or 

reduce any possible interference or physical damage to the ECM and to preserve the 

overall structural integrity of the cell. Following the slice protocol, we were able to tailor 

the internal ganglion components for placement over the micro surface-coil. By parting 

the ganglion sheath by gross dissection, whose adjacent layer is the basement 
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membrane, we preserved the microstructural morphology of the tissues in the 

abdominal ganglion such as large neuronal, supportive glial cells, and the extracellular 

matrix.  When dissecting the ganglion sheath, extra attention was paid not to compress 

any fragile, large neurons adjacent to the L7 or R2 cell.  Notably, the basement 

membrane, the middle layer between the outer brittle and hard ganglion sheath and cell 

layers, is visible. This structure can serve as an effective tissue structure to attach the 

other structures of the ganglia with minimal loss of ECM and glial cells. In previously 

conducted EM studies by Dr. Raymond Lasek [74]. They pointed out the possibility that 

these embedded glial cells could occur when utilizing a collagen-loosening enzyme. 

With our preparation protocol, successful detection of tiny glial-type cells was achieved 

using DAPI stain, and their numbers throughout the ganglion were impressive. All 

samples were prepared and imaged less than a week after fixation  because, if  cells 

are immersed too long in fixative, the orange colored region appearing due to an 

enzyme named ferrochrome in mitochondrial region, can fade away: maybe due to the 

transition of iron from ferrous Fe(II) to ferric Fe(III) in the ferrochrome. This biochemical 

change occurring on the cellular level might impact natural MR relaxation parameters. 

Additionally, extra care was taken in preparing the slices using a vibratome. Due to the 

large size of the L7 and R2 neurons and the density differences between agarose and 

tissue, if the slices are too thin, the nuclear material or the nucleus itself can be 

displaced. Therefore, slicing the samples was performed at a temperature close to 

freezing. 

Compartmentation Issues 

Regarding the issue of matching MR signal with specific tissue compartments this 

large-sized model of a primitive animal cell has been used extensively  to study the 
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complex mechanisms and dynamics behind the cell-swelling associated with stroke [20, 

33, 81, 82]. Still, there is a formidable gap between the MR characteristics of this animal 

cell observed at microscopic resolution and the coarser resolution acquired in the 

clinical environment. First of all, fast and slow tissue compartments at a ratio of 70:30 in 

the CNS of mammalian and human cells are engineered to fit the signal distribution 

according to b values of the diffusion weighting factor. Yet, a disparity exists between 

the MR signal and histological data maybe because of the assumption that the fastest 

diffusion comes from extracellular water, which comprises only 20% of a histological 

analysis. This assumption would be valid in a cell culture or a cell suspension system 

where the outside of cellular area was surrounded by media similar to free water. In 

viable, intact tissue—in addition to having cells of variable size—other critical factors 

affecting MR diffusion behavior, such as the cell membrane and the structural protein 

matrix, must be factored into models describing the geometrical and physical footprint of 

the intra- and extracellular compartments.  

In a previous study [33], analysis of 2D diffusion-weighted images collected using 

a solenoidal radio frequency (RF) coil, delineating only the nucleus and cytoplasm. The 

authors report that the diffusion signal behavior inside the cytoplasm was multi-

exponential and the reasons for this have yet to be fully investigated [33]. However, 

through this study, elucidating the internal structure of the single cell, we positively 

identify in MRM images the nucleus, cytoplasm, cell membrane, and another region on 

the periphery of the cell where a number of glial cells were embedded in the 

extracellular matrix. Interestingly, this ECM area presents heavy restriction and is 

structured so that, even with a b-value of diffusion-weighted imaging exceeding 10,000 
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[s/mm2], the water signal out of glial cells and/or ECM in this area presents extremely 

slow water diffusion. Another paper [74] visualizes the mesh-like structure revealed by 

SEM that addresses possible causes for this unusual restriction in the glial zone. 

Therefore, in studies conducted at lower resolution [33, 43, 81, 82], the partial volume 

averaging blurred and mixed the signal from this area with the signal from the cytoplasm 

located inside the plasma membrane. In the present study, the signal from the 

cytoplasm possesses diffusion characteristics that are slower than the nucleus, but 

higher than the glial cell and ECM areas. One possible reason for the slow apparent 

intracellular diffusion is crowded cellular organelles that hinder the micro-scale 

movement of water in the cytoplasm. The water in the extracellular space consists 

mostly of water tightly bonded with the glycogen on the glial cells and the rest comes 

from the water molecules highly packed in the dense fibers surrounding the glial cells in 

the ECM. After removing the basement membrane, their locations and morphology were 

visualized. This was possible only because most of the glial cells and ECM were 

preserved by the current treatment protocol. Even if the two physical and biological 

compartments, i.e. intracellular and extracellular compartments can be approximated by 

two fast and slow diffusion components represented by the MR diffusion signal, extra 

care must be taken in analyzing the shaded area such as the boundary between them 

and other compartments including vascular components or other compartments inside 

the cells. Small voxels with high resolving power can enhance the accuracy in resolving 

the controversy regarding the disparity between intra- and extracellular volume fractions 

and fast- and slow-diffusion pools (approximately 80% and 20%, respectively). Given 

the importance of this issue, matching anatomical and MR assignment of intra- and 



 

101 

extracellular compartments by aid of high resolution MRM imaging in this study is 

critical. In that regard, after identifying glial cells in the region having been previously 

designated as the cytoplasm in earlier studies, it was a natural extension to define the 

boundary of intra- and extracellular regions by identifying the plasma membrane using 

histological staining. Through visualization of the plasma-membrane by PKD 67 and 

correlation of structures seen in the MR with histology, we now know that extra attention 

should be paid, at least in this animal, when defining the intra- and extracellular 

domains. Otherwise the agreement between the animal model and the clinical data 

could be misinterpreted. The role of glial cells inside the ECM have been recently 

revisited [83]. As the name implies, glial cells (glia = glue in Greek) play a supportive 

role in nourishing the neurons in a variety of ways (described previously in the 

introduction). They play an important role in revealing the onset of stroke as they swell 

earlier than neurons. This early response thus serves as a means of detecting the 

disease [84, 85]. With respect to water diffusion in the cell, another modeling approach 

suggested by Le Bihan presumes a plasma membrane-bound water pool that restricts 

diffusion in close proximity to the cell wall [86]. It is an interesting perspective regarding 

the semi-permeable cell membrane, but the properties described by this model have not 

been validated. This model might be testable on smaller cells of the ganglion, such as 

bag cells [179] or such sub-cellular membrane-encapsulated organelles as 

mitochondria, endoplasmic reticulum, and the like. Last, our effective bi-exponential 

analysis, which is the summation of two exponential functions, has the potential for 

ambiguity when describing the diffusion behavior of cellular models. There is a problem 

with identifiability when presenting the basically logarithmic plot by summation of two 
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fractional exponential functions, often yielding nearly same results as the tri-exponential 

[87]. This issue of non-identifiability might be resolved by developing a more 

sophisticated model.  

Enhanced SNR and Resolution by Updating Hardware  

In order to employ dedicated MR equipment, RF coils and gradient coils, it is 

essential to understand the benefits and limitations in sensitivity and specificity when 

imaging at micron-scale resolution. By reducing the diffusion time, tdiff, signal loss from 

T2 effects can be somewhat mitigated, but there is a significant advantage in using high 

diffusion weighting to delineate such subcellular or cellular structures.  

Additionally, thanks to advancements in resolution and SNR, in this preliminary 

study, research was carried out on the diffusion behavior along variable diffusion times 

to visualize any anisotropic water diffusion inside the intracellular compartments, e.g. 

nucleus, cytoplasm and glial cells in the ECM. Interestingly, there is a noticeable 

change in terms of anisotropy in the intracellular compartments that might suggest the 

effects of hindrance in the cell. By utilizing this observation, we might be able to 

anticipate anisotropic water diffusion in perturbation studies in the future. Furthermore, 

for wider coverage and better field homogeneity with the same sensitivity, a phased 

array coil [244] might yield enhanced results in microscopic intracellular studies on 

water diffusion. Additionally, to observe anisotropy in intracellular water diffusion, 

diffusion along six different axes was conducted with diffusion tensor imaging. By 

investing more acquisition time and increased voxel size to obtain higher SNR, 

additional DTI datamight offer different or enhanced perspectives on the anisotropic 

movement of water in the cellular domain.  
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Glia’s Role in Cell Swelling 

From a comparative pathological point of view, the L7 neuron in Aplysia californica 

was utilized to investigate the cell swelling event, a precursor in diseases like ischemic 

stroke [20, 81]. Still, there is room to enhance the MRM results by employing current 

state-of-the-art technologies. Now, equipped with higher resolution and SNR, this 

previously conducted perturbation research should be revisited. Additionally, now that 

the existence of tiny glial-like cells around the periphery of the big neuron [187] has 

been validated by the histological confirmation,  the role of these tiny cells in a cell-

swelling event might offer an information for the related events in the mammalian case 

[84, 85], the temporal and spatial monitoring of the detailed architecture of subcellular 

structure of the neuron and glial zone might help us to better understand the 

mechanisms and dynamics behind the decrease in ADC in human stroke models. By 

utilizing a newly developed oscillating gradient spin echo sequence (OGSE) [190,191], 

minimization of diffusion time might be realized and yield superior diffusion data in this 

animal species. 

Conclusions and Future Work 

Along with structural validation, measurement of water diffusion signals at different 

diffusion times and strengths has shown intracellular diffusion is faster than extracellular 

diffusion. In the intracellular domain, the nucleus does not contain any barriers that 

significantly affect water diffusion behavior, but the cytoplasm presented some 

hindrance effects presumably due to the existence of numerous cellular organelles, 

such as mitochondria, the endoplasmic reticulum, and the Golgi apparatus. Finally, by 

way of histological validation, the glial cells and ECM region which had not been 

observed using MRM methods were imaged and directly validated. Our diffusion data 
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describe sophisticated restriction effects making diffusion signal analysis amenable in 

the CNS of mammals. This study represents a significant advancement in MRM by 

virtue of utilizing methods for minimizing the discrepancy between the cell model 

derived from A. californica and other animal models in terms of cellular 

compartmentation. Along with the technological advancements in dedicated equipment 

for MRM, by delineating cellular structures with finer resolution and higher sensitivity, 

the unknown dynamics and mechanisms at play in the coarse resolutions employed in 

clinical imaging could be better understood. This work could reveal more about MR 

properties of tissue at the cellular level and contribute to the elucidation of MR signal 

analysis. Ultimately it is our hope that this knowledge will aid in improving clinical 

imaging analysis. In conjunction with high resolution protocols, cell signaling through 

light activation of the lipochondria might open up a new chapter in functional studies on 

single-cells. 
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Table 3-1. Osmoliarity of artificial sea water, anaesthesia, and body fluid of A.californica 

Medium Osmolarity [Osm] 

Sea water 1165, 1121, 1123 
Anaethesia 1161 
Body fluid 1134, 1117 
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Figure 3-1. Schematic of an animal cell. It consists of nucleus(N), smooth endoplasmic 
recticulum(SER), rough endoplasmic recticulum(RER), mitochondria(M), 
peroxisome(P), lysosomes(L), Golgi apparatus(G), lysosome(L), centrioles(C).   
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Figure 3-2. Schematic of an Aplysia ganglion. Oversized neurons are L7 on the left side, 
and R2 on the right side. The intracellular compartments are assigned such 
as nucleus (blue dots), cytoplasm (yellow areas), and dense fibers (green) 
around the tiny cells. 
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Figure 3-3. Schematic of internal structure of ganglion. Neuronal cells and surrounding 
glial cells embedded in the extracellular matrix presented as the green mesh. 
External ganglion sheath layer, made up of muscle (M), collagen (C), and 
fibroblast (F), covers the entire assemblage of cells and offers structural 
support and integrity; basement membrane Basement membrane (B) seals 
the area between the sheath and cell layers; around the cells, the glial zone 
(G) surrounds and contacts the cells, especially the big cell; trosphospongium 
(T) directly delivers nutrients, bypassing the cytoplasm.  
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Figure 3-4. Schematic of sample preparation protocol. On the right geometry of micro 
surface-coil, A) The whole cell. B) The bisected cell to expose the intracellular 
organelles. C) The segmented model for facilitating the histological correlation 
after MR imaging. The intracellular compartments are assigned such as 
nucleus (blue dots), cytoplasm (yellow areas), and dense fibers (green) 
around the tiny cells.  
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Figure 3-5. Schematic of sample placement in the sample well embedding the RF coil. 
The sliced fixed single cell in the agarose block lies on top of the RF coil 
embedded in the sample well. Then, the sample will be immersed in the water 
by the nylon mesh and retention ring. They will be tightly sealed by PCR film  
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Figure 3-6. Direct correlation of Aplysia neuron morphology in MRM and histology 
images. A) 3D spin echo image of the entire fixed big cell illustrating cellular 
compartments using a micro surface-coil at 600 MHz NMR spectrometer. B) 
Corresponding light microscopic image illustrating signal heterogeneity in the 
outer periphery and connective tissue. C) Lower resolution image. D) 
additional cell image. MRM scan parameters: 3D spin echo sequence with 
TE/TR = 8.4/1000 ms, Resolution = A) 7.8 x 7.8 x 15 µm3 and C) and D) 12 x 
12 x 15 µm3,A)  FOV = 1 mm x 1 mm x 1 mm, C) and D) 1.5 mm x 1.5 mm x 1 
mm, Matrix = 128 x 128 x 64, NEX = A) 10, C) and D) 6, AT = A) 22 hrs 51 
min, C) and D) 13 hours.  
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Figure 3-7. Potential subnuclear structure of single neurons in MRM. A) Potential 
subnuclear structure, nucleolus in a single neuron, L7, of A. californica 
employed as a whole-cell model. B) bisected model visualized in the 3D MR 
images. MR scan parameters: A) 3D diffusion-weighted spin echo sequence 
with TE/TR = 14.2/2000 ms, Resolution = 23 x 23 x 31 µm3, FOV = 1.5 mm x 

1.5 mm x 1 mm, Matrix = 64 x 64 x 32, diffusion gradient separation (𝛥) = 8 
ms, diffusion gradient duration (δ) = 4ms. , B) 3D standard spin echo 
sequence with TE/TR = 4/1800 ms, Resolution = 7.8 x 7.8 x 15 µm3, FOV = 1 
mm x 1 mm x 1 mm, Matrix = 128 x 128 x 64, NEX = 6, AT = 24 hrs.  
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Figure 3-8. Representative 3D gradient echo MRM of the bisected model of the biggest 
single neurons. Hypo-intense signal region corresponds to the nucleus and 
intermediate-hypo-intense signal region to cytoplasm, and embedded tiny 
cell; ECM shows the hyper-intense signal. MRM scan parameters: 3D 
gradient echo sequence with TE/TR = 11.5/300 ms, Resolution = 11.7 x 11.7 
x 15 µm3, FOV = 1.5 x 1.5 x 1 mm, Matrix = 128 x 128 x 64, NEX = 10, AT = 
16 hrs 40 min.  
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Figure 3-9. 3D gradient echo MRM of bisected model of single neurons illustrating MR-
detectable unknown intracellular structures under investigation, suspected to 
be rough endoplasmic recticulum or trosphospongium by its invagination into 
the nucleus. MRM scan parameters: 3D gradient echo with FOV = 7 x 7 x1 5 
µm, spectral width = 50 kHz, TR = 300 ms, TE = 10.6 ms, Average = 10. 
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Figure 3-10. Diffusion weighted images of slice of the big single neurons embedded in 
the agarose. MRM scan parameters: TR/TE=20/2000 ms, resolution = 11.7 x 
11.7 x 100 µm3, NEX = 28, Acquisition Time = 2 hours, b-values = A) 0 , 
B)1500, C) 2500, D) 4000 (d) [s/mm2], diffusion gradient separation (Δ)/ 
diffusion gradient duration (δ) = 5 ms/1 ms. E) Diffusion signal changes by 
increasing b-values and diffusion times. Light microscopic images of single 
neuron showing five different subcellular compartments at 40x magnification. 
Of particular note is the morphological delineation of more than two 
intraceullular compartments.consisting of nucleus (1), prenuclear cytoplasmic 
region (2), caroninoxisommes (3) enriched with mitochondria and lipochondria 
functioning as photoreceptors, cytoplasm (4), and possible trophospongium 
(5). F) Light microscopic image of single neuron showing five different 
subcellular compartments at 20x magnification. 
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Figure 3-11. Direct correlation of cellular architecture of single neurons of A. californica 
in MRM and histology images. A) Green fluorescent colored PKH 67-stained 
plasma membrane. B) 2D Diffusion-weighted images (in-plane resolution = 
7.8 µm2 with 50 µm thick slice at b = 1500 [s/mm2]. C) DAPI-stained nucleic 
acid in the big nucleus in a single neuron; smaller cells and numerous tiny 
glial cells around the periphery of the big neuron. D) Light microscopy image. 
E) Nissl-stained cytoplasmic region (scale bar: 300 μm). MR scan 
parameters: TR/TE = 20/2000 ms, resolution = 11.7 x 11.7 x 150 µm3, NEX = 
100, FOV = 0.15 cm x 0.15 cm x 150 µm, acquisition time = 2 hours, b-values 
= 1500 [s/mm2], diffusion gradient separation (Δ)/diffusion gradient duration 
(δ) = 5 ms/1 ms. 
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Figure 3-12. 3D reconstructed image of single neurons. The 3D visualization was 
generated after interpolating multiple slices of 3D MRM images in Figure 3-6A. 
Nucleus in the cell (dark purple), cytoplasm (light brownish orange), and glial 
cells (purple) in the extracellular matrix (green). 
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Figure 3-13. Diffusion tensor images and reconstructed diffusion tensor images of single 
neurons A) 6 directions of diffusion tensor images with the slice of the single 
neuron of A. californica (b = 0). B) b = 1500 [s/mm2] acquired along 6 different 
diffusion-sensitizing gradients. C) Reconstructed images with a software 
developed by Angelos [80]. MR scan parameters: TR/TE = 20/2000 ms, 
Resolution = 11.7x11.7x150 µm3, NEX = 100, FOV = 0.15 cm x 0.15 cm x 
150 µm, acquisition time = 2 hours, b-values = 1500 [s/mm2], diffusion 
gradient separation (Δ) = 5 ms, diffusion gradient duration (δ) = 1 ms. 
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Figure 3-14. Direct correlation of single neuron in diffusion-weighted MRM images, ADC 
maps and histology images A) Representative light microscopic image. B) 2D 
DWI images acquired with 600 MHz NMR spectrometer with different 
diffusion time of 5 ms, and C) 11 ms, all with the same b-value of 1500 
s/mm2. D) DAPI-stained fluorescent image of a slice of L7 neuron of A. 
californica. Apparent Diffusion Coefficient (ADC) map of the slice by different 
diffusion times of E) 5 ms and F) 11 ms. 
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Figure 3-15.Direct correlation of a slice of single neurons in MRM and histology images 
A) Light microscopic image of the slice of L7 neuron describes the existence 
of tiny speckles in the nucleus and double nuclear membrane unique in this 
big neuron. B) 2D DWI images of the slice of L7 neuron of A. californica 
acquired with 750 MHz NMR spectrometer with different b-values of 1500 
[s/mm2]. C) ADC map of the slice by variable diffusion time of 8.52 ms, 11.3 
ms, and 19 ms. MR scan parameters: TE/TR = 30/3000 ms, FOV = 1.5 x 1.5 
mm, slice thickness= 0.7 mm, matrix size = 64 x 64, resolution = 23 x 23 μm2, 
NEX = 40, AT = 14 hrs 56 min. 
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Figure 3-16. Pre-fixed and post-fixed single neurons in MRM. A) 3D gradient echo 
images of L7 neuron in the live state. B) the same neuron after fixation. MRM 
scan parameters: 3D gradient echo, resolution = 7 x 7 x 15 µm3, spectral 
width = 50 kHz, TE/TR = 10.6/300 msec, AVG = 6, AT = 9 hrs. 
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CHAPTER 4 
MAGNETIC RESONANCE MICROSCOPY OF RAT, PIG, AND HUMAN NEURONS 

Introduction 

As a non-invasive imaging modality, MRI has been utilized extensively in clinical 

and laboratory environments to perform non-destructive image acquisition. After its 

invention in the 1970s, the number of applications for both biological and non-biological 

samples increased exponentially. Now, as a member of the limited group of microscopic 

imaging modalities, the term MRM was coined early by the early developers of MRI to 

describe microscopy conducted by MR: this designation describes MR applications 

conducted in the sub-millimeter domain [40]. MRM was first demonstrated in a biological 

sample in 1986, and the first MRM image to visualize single animal cell was conducted 

at 10 x 13 µm2 of in-plane resolution [41]. Since then, attempts to see further and 

deeper into structures have been conducted throughout the field, starting with plants 

and material studies, then progressing to mammals, including rats, which are common 

models for comparative biology [43, 44, 65, 88].  

This advancement can be attributed to enhancement in MR resolution. The first 

small-animal sample, a frog ovum, was visualized using MR by Aguayo et al. [41]. For 

this study, resolutions up to 10 x 13 x 250 μm3 were applied in order to obtain MR 

images of the nucleus and cytoplasm inside a 1 mm diameter, stage IV frog ovum.  

In addition to ready access to isolation and sample preparation, another large 

different cell type, neural cell, of biological sample from aquatic animal was employed. It 

was an L7 neuron, diameter 300 to 500 μm, isolated from the abdominal ganglion of 

Aplysia californica . This animal’s nervous system is a widely studied as a inverterbrate 

CNS model that possesses characteristics of memory, exhibits hypertrophy of the large 
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neurons, and was useful in genome research [66]. This models’ neuronal structure was 

delineated using a solenoidal coil which possessed high signal uniformity, but relatively 

low signal sensitivity. As such, previous MR microscopic images in these experiments 

were limited only down to 20 x 20 x 100 µm domain [33, 43, 81, 82].  

Given the need for using basic research to answer questions relevant to clinical 

practice, the ultimate attainable MR resolution needed to be increased to levels 

necessary to delineate typical human cells (5~15 μm). That dramatic enhancement in 

resolution could only recently be achieved and was accomplished primarily through 

recent technological updates such as stronger and fast-switching imaging gradients [14] 

and micro surface-coils [18, 46-49].  

Likewise, a major focus in the field of MRM is the increase of resolution, and the 

name MRM itself was coined to describe MR imaging below an in-plane resolution of 

100 μm. Even if there are factors other than resolution, since the resolution itself has the 

capability to resolve more than one object in a voxel, MR images with higher sensitivity 

can lead to the lower imaging acquisition time to get the same SNR.  

There are still challenges to overcome regarding the improvement of MRM 

resolution. Since MRM is a method of MRI, it shares common features with MRI, but, 

given the need to acquire MRM in a high magnetic field with a small volume of voxels, 

there are some features unique to MRM. One such feature are the line-broadening 

effects—or T2 (T2*) effects—that widen the spectral line widths at higher magnetic fields 

due to interactions between neighboring protons. These effects can be alleviated by 

employing stronger, fast-switching imaging gradients and making the magnetic field as 

uniform as possible. Another issue to overcome is the relative lack of sensitivity. Due to 
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the limited volume of detection (voxel volume) in high-resolution images, fewer 

interacting protons are available to be detected. When the protons fluctuate or change 

spatial positions by self-diffusion, the detectible signal becomes limited. By employing a 

stronger gradient, this effect can be remedied. 

In the current study, by employing state-of-the-art equipment for higher resolution, 

greater sensitivity, and better specificity for MRM, MR-stained cellular structure inside 

the mammalian and human neural tissue was investigated. As a thick sample can 

prevent light penetration when using light microscopy techniques, employing a 2D 

projection imaging scheme with low through-plane resolution results in loss of contrast 

due to volume averaging in MR images. After utilizing 3D isotropic resolution (4.7 μm3), 

mammalian cells were successfully delineated for the first time using MR methods [50].  

In the current study, this unprecedented resolution and sensitivity was applied to 

the imaging of various biological samples, including Purkinje cells in the rat cerebellum 

and big cells in the ventral and dorsal horns in rat and human spinal cords. These 

tissues were used to investigate the origin of relaxation and diffusion signal in the CNS. 

particularly with respect to the intracellular compartment. Additionally, for the first time in 

MRI, MR signal was detected from the intracellular compartment in the bush-like 

neuronal processes emanating from cell bodies in a porcine sample. These structures 

were visualized using endogenous MR contrast and identified using histological images 

of the tissue after undergoing MR. MR signal characteristics of the rat cerebellum were 

investigated at the cellular level. The cerebellum (Latin for “little brain”), a region of a 

brain governs many important functions such as some cognitive and movement-related 

function. Especially, it plays a pivotal role in fine motor coordination, but manifests a 
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complex structural map [181]. Even at low magnification, the collection of cell bodies in 

the gray matter (GM) over underling white matter (WM) can be appreciated. These 

white-mater pathways deliver messages between cells. In the cerebellum, the GM is 

composed of three different layers. The external layer, named the granular layer is a 

layer of neuromodulary neurons covered with moss-like fibers. The inner layer is named 

the molecular layer. The Purkinje cell layer (a layer of pure output neurons) is located 

between the two others. The granule cells project in parallel with the Purkinje cells. By 

employing MRM, the different anatomical and functional layers were investigated in 

terms of signal relaxivity and water diffusivity in the cellular compartments [182].  

Interestingly, in the WM of the cerebellum, ectopic (= out of place) Purkinje cells, 

whose diameters were approximately 50 μm, were observed. Their existence in the 

dorsal brainstem and cerebellum has been previously reported [89, 90]. Due to their 

prominent size, even when embedded in nerve fibers and neighboring fatty myelin 

sheath in the white matter (WM), they were visible at 20x magnification light microscopy 

in Figure 4-3. Compared to normal Purkinje cells, two aberrant characteristics --shape 

and projection-- were observed in the ectopic cells: less-dense dendritic trees and 

irregularly-studded, non-planar branches. The reason for this being was, during prenatal 

development of the cerebellum when the cells experienced a massive migration, they 

moved out of place [89, 90]. Because of their atypical location between the brain and 

the cerebellum, ectopic cells often cause pathophysiological conditions, e.g., Chiari 

malformation and ectopic cerebellar dysplastic tissue [91]. In addition to their prominent 

location, their irregular and peculiar sizes (50~70 μm) make them suitable for structural 

and functional investigation into intracellular compartmentation by MRM.  
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The quantitative and qualitative analysis of MR information from deep tissue 

identifies the histochemical correlation and investigates the magnetic properties at the 

molecular and cellular levels. The 3D-analysis conducted at the in-plane resolution of 8 

µm employed here were carried out to investigate cellular micro-architecture using MR. 

Additionally, 3D visualization as used in MRM can describe structure inside dense 

tissues, in locations unobtainable with light microscopy due to limitations caused by light 

penetration, absorption and scattering. The current study illustrates the capability of 

MRM to delineate micro-scale maps and to play a role in demarcating cellular MR 

characteristics in neural tissues as a biopsy methodology.  

Methods 

Sample Preparation and MRM Imaging  

 All the imaging work was carried out using a 600 MHz Oxford spectrometer 

equipped with a Bruker Biospin console providing imaging gradient strengths up to 3000 

mT/m. The console itself is interfaced with micro surface-coils, which were developed 

by Bruker Instruments [18, 45]. Brain samples from the striatum as well as spinal cord 

(SC) slices containing α-motor neurons from rats and human, were harvested. After 

being washed in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4  and 1.8 mM KH2PO4: pH 7.4 at 300 mOsm) overnight to remove any 

remnants of 4% formaldehyde, the striatal brain slices were acquired by using a 

vibratome (Ted Pella, Lancer series 1000), and imaged using a 200 µm coil (Bruker, 

Z76412) whereas the rat spinal cord was imaged using a 500 µm micro surface-coil 

(Bruker Biospin, B6370). The human cell was prepared before the MR imaging with a 

dissecting scope (Zeiss, OPMI 1-FC) or light microscope (Zeiss, Axioplan 2) (Figure 4-

8A). Through a rigorous selection process, a reasonably big cell was selected and 
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scaled with the inner diameter of the 50 μm coil.  Additional accessories for micro-

imaging were developed independently as part of our lab’s research as they were 

custom made for the samples under investigation [50]. To place a thin slice as close as 

possible to the region of highest coil sensitivity, a nylon mesh screen with pore size of 

50 µm (Small Parts, CMN-0053-C) and a retention ring fashioned from a 3 mm NMR 

tube cap (Sigma-Aldrich, NORS36007) were employed in Figure 4-1. Minute 

manipulations using Dumont forcepts were tracked visually with a dissecting scope 

(Zeiss, OPMI 1-FC) or light microscope (Zeiss, Axioplan 2). Once all the retention parts 

and the sample were tightly secured in the tissue well, the sample was irrigated with 

PBS to avoid water loss due to evaporation during the long-hour scan. Finally, the last 

step involved using PCR film (ABgene, AB-0558) to seal the tissue well so that the 

tissue remained hydrated during scanning. All animal procedures were conducted in 

accordance with guidelines in the National Academies of Sciences’ Guide for the Care 

and Use of Laboratory Animals and were approved by the University of Florida IACUC. 

MR Pulse Sequence 

Three-dimensional MR images of -motor cells of rat brain were obtained using a 

conventional, 3D gradient echo sequence at 4.7 µm isotropic resolution (TE = 10 ms, 

TR = 150 ms, matrix size = (1283), FOV = (0.6 mm2), total acquisition time = 22 hrs, 

bandwidth = 25 kHz, read and phase gradient amplitudes = 1980 and 1830 mT/m, 

respectively). For visualization of the rat α-motor neurons, conventional spin echo, 

diffusion-weighted images (b = 4025 s/mm2, Δ = 17 ms, δ = 6 ms, slice thickness = 80 

µm, matrix size = 256 × 256, in-plane resolution = 7.8 µm2, total acquisition time = 7 h 7 

min, bandwidth = 50 kHz, read and phase gradient amplitudes = 591 and 650 mT/m, 
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respectively) were acquired. For rat perkinje cells in the cerebellum, a 3D gradient echo 

(TR/TE = 150 ms/ 7 ms, res = 6.25 µm isotropic, Avg = 14, scan time = 63 h 43 min) 

imaging protocol was employed. In order to examine diffusion behavior in the various 

tissues of the cerebellum, 2D diffusion-weighted images (b = 4025 s/mm2, Δ = 17 ms, δ 

= 6 ms, slice thickness = 80 µm, matrix size = 256 × 256, in-plane resolution = 7.8 

(µm)2, total acquisition time = 7h 7min, bandwidth = 50 kHz, read and phase gradient 

amplitudes = 591 and 650 mT/m, respectively) were employed. 

To illustrate pig -motor neurons and their affiliated neuronal processes in spinal 

cord slices (n = 3), a micro surface-coil of 100 µm diameter was employed (Bruker, 

B6372) and three dimensional spin-echo images (TR/TE = 2000 ms/ 12.75 ms, isotropic 

resolution = (6.25 µm)3, Avg = 14, scan time = 63 h 43 min) were collected. To 

investigate intracellular diffusivity, 3D diffusion-weighted images (TR/TE = 2000 ms/6.2 

ms, res = 6.25 µm isotropic, Avg = 14, scan time = 63 h 43 min) were collected at two b 

values (b = 300 s/mm2; b = 600 s/mm2) and used to map the apparent diffusion 

coefficient (ADC) in the sample.  

To visualize cell bodies of human α-motor neurons and investigate the intracellular 

diffusivity inside these neurons, 2D diffusion-weighted scan protocols (TR/TE = 2000 

ms/23.5 ms, δ = 2 ms, Δ = 8.36 ms, res = 7.8 µm × 7.8 µm × 50 µm; b = 2000 s/mm2, 

Avg = 40, scan time = 5 h 40 min) were employed. 

Image Analysis and Structural Validation 

For mammalian cell imaging, after MR data acquisition tissue slices were removed 

from the imaging coil and placed in a Nissl stain (0.5% Cresyl Violet, 0.3% glacial acetic 

acid in 99.2% ddH2O) for one minute in the case of rat samples and two minutes for 
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human samples. Slices were then placed temporarily in a destaining bath (0.3% glacial 

acetic acid in ddH2O) to remove excess Nissl stain followed by a PBS wash before 

being wet-mounted to pre-cleaned optical microscopy slides (Fisher, 12-550-13) using 

Histomount mounting medium (National Diagnostics, HS-103). False-color histological 

images were taken using a digital camera (QImaging, Retiga 4000R Fast 1394 Color) 

attached to a Zeiss microscope (Axioplan 2, Zeiss) and processed with QImaging 

software (QCapture Pro 6.0). Rat sample images acquired at 100x magnification and 

human sample images acquired at 20x magnification employed an emission filter in the 

Texas Red range. For the rat cerebellum images, bright-field microscopy at 20x 

magnification was utilized due to sufficient endogenous contrast from ectopic Purkinje 

cells coming from the fatty myelin-covered WM. 

3D Segmentation and Reconstruction 

Three-dimensional, spin-echo datasets investigating such structures as cell bodies 

and striatum in the rat brain and pig spinal cord tissue were reconstructed utilizing 

imaging software (Visage Imaging Amira 3.1.1) and segmented in order to visualize 

cellular structures from multiple viewpoints. Considering the smaller size of the rat brain 

cell bodies of alpha motor neurons in the striatum, the hypo-intense signal was picked 

to avoid inevitable partial volume averaging along the boundary and interpolated with 

pixels from adjacent slices. By investigating larger cells—-motor neurons—in the pig 

spinal cord, we had the opportunity to use eight, voxel-thick frames (50 µm of  resolution 

in the third dimension) from the 3D dataset in the reconstruction, thus eliminating areas 

in the dataset with uneven RF excitation on each end. First, a thresholding limit (0-8427 

au : 8428-24652 au) was employed to set the range of the binary map consisting of 
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voxels containing α-motor neuron perikarya and subsets of their processes (0-8427 au) 

and those containing tissue adjacent to these structures (8428-24652 au). Then, the 

voxels residing in the noise region were manually eliminated so that our reconstruction 

did not contain data from background noise. Last, Amira’s surface generation tool was 

used to define cell regions inside (shown as pink in images) and surrounding the α-

motor neurons. 

Results 

Delineation of Cellular Architecture of Mammalian Brain Cells in the CNS Tissue 
of Rats using MR Microscopy using Novel Micro Surface-coils and 3D 
Visualization  

In this preliminary study, sample selection—in particular its thickness—is critical 

for successful MR imaging and histological validation. Figure 4-1 shows preliminary 

mammalian brain cell images acquired with a 200 μm micro surface-coil. It contains a 

vertical line which is present over three consecutive slices. This structure was identified 

by its location and morphology as a descending WM tract. This tissue is covered with a 

fatty, myelin sheath, and is surrounded by dispersed structures possessing hypointense 

signal characteristics. It is believed that these dark structures correspond to the cell 

bodies of medium spiny neurons; however, identification through direct histological 

correlation was not forthcoming. Considering the small size (15 μm) of the structures 

ubiquitously dispersed over the region of interest, a one-to-one correlation of MR 

images with the histological images was not practical at the time of MR image 

acquisition. As shown in Figure 4-2, the suspected cell bodies, and WM tract were 

visualized using a 3D visualization tool: AMIRA 3.1.1. The non-invasive nature of MRM 

allowed for visualization of the microstructures deep inside tissues of the rat brain. In 

the 3D rendered images, the tissue represented by red transparent mesh structure is 
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suggestive of the morphology of medium spiny neuron cell bodies, while the pink solid 

line is indicative of a WM tract.  

Through Nissl-stained histological images, the cerebellum is illustrated in Figure 4-

3A. The granular layer consists of granule cells (7~10 μm diameter) located between 

the WM and the Purkinje cell layers. These granule cells are surrounded by glial cells 

and stellate neurons. Their dendritic arbors are relatively short and project in parallel 

with those of Purkinje cells, which receive signals from climbing fibers of the inferior 

olive originating from the caudal brainstem. These fibers play an important role in 

carrying signal reception into the cerebellum and motor output to the motor areas. From 

the false-color images in Figure 4-3B, we can see that the WM is not translucent due to 

itsfatty myelin cover. The brighter areas correspond to granular cells which are 

contacted by the dendritic trees of the cells in the neighboring molecular.  

The 3D GE sequence visualized suspected cell bodies in the WM tissue of the 

cerebellum. Considering the importance of landmarks to successful identification of 

tissue microstructure, we tested whether MR-visible structures could be well correlated 

with structures identified in histological images. Using WM tract was preferred for this 

purpose as it can be readily identified in both MR and histology. The ectopic Purkinje 

cells presenting as hypointense signal in MR images were visualized along the WM 

tract. Due to the high strength of the imaging gradients, the intracellular compartment of 

Purkinje cells appeared quickly diffusing spins in a limited volume of voxels, but smaller 

cells could not be delineated due to volume averaging effects.  

The tissue types of the cerebellum were illustrated using a 2D diffusion-weighted 

spin echo sequence. These regions possess different MR signal characteristics or 
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inhomogeneous signal distributions (Figure 4-6). The neighboring region of the WM (the 

hypointense region in (Figure 4-5C) is composed of tightly-packed, moss-like fibers and 

neuromodulary neurons originating from pre-cerebellar neurons in the brainstem. It 

changes to a hyperintense signal region at b-values of 3000 [s/mm2] and above 

presumably due to the crowding effects experienced by water protons in the WM 

tissues’ mesh-like structure. Even though delineation of individual tracts is not feasible 

at this resolution and sensitivity, the characteristics of water diffusion in each tissue 

layer as measured by MRM shows that the cerebellum is a highly organized, complex 

structure.  

Confirmation of the Delineated Cellular Architecture of Neural Tissues with 
Corresponding Histological Validation using MR Microscopy   

Using 500 µm micro surface-coils, the cell bodies of -motor neurons in the ventral 

horn of the human spinal cord were scanned. Correlation work identifying structures by 

using histological stains was carried out in collaboration with Dr. Jeremy Flint. Inside the 

Nissl-stained cell bodies, the intensely stained areas correspond to the endoplasmic 

reticulum which is located inside the cytoplasm of the cells. Still, despite our advanced 

imaging hardware, substructures inside the intracellular compartments could not be 

delineated; however, the potential to visualize the intracellular compartment may be 

appreciated from the results presented here. Of note is the observation that the 

hypointense signal seen in high b-value imaging might not correspond in 100% of cases 

to the cell body. As indicated by the yellow arrows in both the histological image and 

MR image, the signal void region in the MR comes from degradation of tissue integrity 

during the post mortem or tissue processing period.  
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Delineation of Neural Processes in Pig Spinal Cord Employing MR Microscopy 
Techniques and Micro Surface-coils 

Three representative images from the pig spinal cord containing neural processes 

are presented in Figure 4-7A. From the 3D, spin echo images taken at 6.25 μm isotropic 

resolution, the cell bodies of α-motor neurons and their relatively short and thick 

dendrites present as an area of hypointense signal. The smaller and finer structure of 

the dendrites has been blurred by partial volume effects. The continuity of the 

projections was confirmed by segmenting and reconstructing consecutive slices with 3D 

visualization software, AMIRA (Figure 4-7). Using built-in thresholding parameters, the 

region of interest (ROI) corresponding to the visualized intracellular space (i.e. portions 

inside the -motor neurons) was segmented out from the surrounding tissue by its 

contrasting signal intensity. Since the cell bodies in this dataset occupy eight 

consecutive slices in the through-plane direction, the cell diameter, 50 μm, is resolved 

well and its boundaries are delineated without any noticeable distortion. In the 

reconstruction of the 3D segmentation images, the cells are visualized in transparent 

pink and the surrounding structural protein is shown as green semi-transparent mesh-

like lines in order to distinguish the spatial arrangements of different tissues inside the 

spinal cord. 

Preliminary Evidence of Intracellular Compartmentation and How This Relates to 
Fast and Slow Diffusing Water Pools Inside the Human Neuronal Cell Utilizing 
Micro Surface-coils  

The isolated cell, presumably an ectopic Purkinje cell, in the dorsal horn of the 

human spinal cord has a high level of segregation of hemispheric cellular compartments 

shown in the inset of Figure 4-8A. As we have observed in earlier images (Figures 4-1 

and 4-6 and 4-7) with high resolution 3D gradient echo by the 200 µm coil and 2D 
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diffusion images by the 500 µm coil, the subcellular compartments were not delineated; 

however, with the diffusion-weighted imaging scheme collected at a b-value of 1000 

[s/mm2] with the 100 µm coil the intracellular compartments manifest in images with 

heterogeneous signal distribution (Figure 4-8). The hyperintense signal corresponds to 

the cytoplasm and the hypointense signal matches the nucleus. Note here that, 

considering the limited number of voxels used to image the human cell (50 μm/7.8 μm = 

6 voxels), small mammalian cells or subcellular structures suffer from partial volume 

effects even at the resolutions employed here.  

Discussion 

Considerations When Imaging Human and Mammalian Cells 

To our knowledge, this research is the first study to report MR visualization of 

mammalian and human neuronal cells ex vivo. Even though there is more work to be 

done prior to applying these methods directly to MR signal analysis in vivo, this work 

represents a significant advance in assessing MR signal behavior at the cellular level 

using  a recent technological advancement. Microscopic resolution in MR scans reveals 

the internal signals of cellular compartments, which are conventionally averaged out by 

the coarse voxel sizes used in clinical MRI. By analyzing the components inside the 

voxel, our study contributes new and unique insights to generating inherent contrast 

while interplaying with the applied magnetic field at the cellular level in a bottom-up 

approach, and hopefully it will contribute to clinical treatments as a reference for 

monitoring and analyzing the pathological and anatomical information at the tissue and 

organ level of the human.  

Care must be taken in the described experiments starting with sample preparation. 

For the preparation of CNS tissue, anatomical structures were well preserved by the 
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perfusion fixation method in order to remove any iron-containing hemoglobin in the 

blood [214]. However, human samples manifest loss of integrity around the cellular 

components originating from the inevitable post mortem interval (Figure 4-6). This 

prominent void could be easily confused with a cell body in diffusion MRM with certain 

scan characteristics: in this case, high through-plane volume averaging. Therefore, 

sample thickness and resolution should be chosen carefully depending on the structure 

that is being imaged. Due to methods necessary for histological validation steps, thinner 

samples are preferred so that light may effectively penetrate them; however, using 

thinner samples  results in a higher risk of mechanical tearing as well as interference 

from free water signal, the last point being problematic for diffusion images taken atlow 

b-values images. Last but not least, positioning with the aid of a light microscope prior to 

the long MR scan could increase the accuracy of histological validation, especially when 

dealing with the intracellular compartments.  

Compartmentation Issues 

As discussed earlier, fast diffusion outside the cell agrees with conditions in 

special environments—such as cell culture or cell suspension—where access of the 

media to the cells is higher and appears to behave as free water does in diffusion 

images. However, whether this view can be applied to in vivo biological system remains 

questionable since there are other factors involved in functional tissue constructs such 

as ECM, glial cells, and the like. In this study, rather than employing exogenous 

substances and molecules such as Manganese (Mn), Gadolinium (Gd), Cesium (Cs) 

which are larger than water [92, 147, 148], we explored the endogenous contrast of 

neural processes and intracellular compartments in the human cell. Neural cells in other 

mammalian animals were visualized and shown to exhibit higher intracellular than 
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extracellular water diffusion. It is interesting to observe that the membranes from the 

visualized neuronal processes do not create significant restrictive barriers to water 

diffusion.. As was true in the cellular model, Aplysia californica, in this preliminary study, 

the MR relaxivities of the nucleus and cytoplasm were delineated. This was 

accomplished through meeting some important criteria including choosing the right 

sample for visualization. Factors such assize, geometrical distribution of intracellular 

compartments, and optimal choice of pulse sequence were all important to realizing our 

imaging goals. However, when interpreting the diffusion signal possessed by the cellular 

compartments, extra attention must be paid in order to determine if they imply a true 

division based on compartmentation or rather degrees of hindrance or restriction 

common to both compartments. 

Cell Swelling  

In order to investigate the mechanism behind the decrease in ADC in the event of 

cell swelling followed by stroke, MR research conducted thus far has suffered from 

partial volume effects due to low resolution and T2 (T2*) effects due to long diffusion 

times. For example, at  high b-value, a hypointense signal region should be validated to 

confirm whether these signal properties arise from T2 effects or from a fast-diffusing 

water pool. Alternatively, for the hyperintense signal region, validation should be 

performed to determine if these signal properties originate from T2-shine through [96] or 

restriction effects. In addition, with higher resolution, sensitivity, and specificity, MRM 

can support this validation process by reducing the diffusion time (≤1ms) with help from 

newly developed OGSE pulse sequences and strong, fast-switching planar gradients. 

These methods are required to successfully probe mammalian cells in terms of issues 
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related to compartmentation and the origins of non-monoexponential MR diffusion 

signal decay.  

Conclusions and Future Work 

In this study, we examine cellular-level MRM on the neural cells in mammalian 

CNS tissue. With dedicated hardware, the resultant resolution may finally reveal the 

complexity of the brain in the cellular domain using MR methods. Hopefully, this 

investigation on the cellular origins of MR signal, relaxation, and diffusion, will contribute 

significantly to the analysis of physiology and detection of pathology in the clinical 

environment through relevant modeling.  
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Figure 4-1. Schematic diagram of sample placement in the sample well on top of RF 

coil. A) The sample well B) micro surface-coil. C) the sample of interest. D) 
Nylon mesh for sample suppression. E) Retention ring. F) PCR film for 
sealing the water leakage. 
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Figure 4-2. MRM of rat striatal tissue. MRM scan parameters: 3D gradient echo, TE = 
10 ms, TR = 150 ms, matrix = 1283, resolution = 4.7 μm3, FOV = 0.6 mm2, 
acquisition time = 22 hrs. Of particular note is that the hypo-intense dots 
correspond to the suspected cell bodies and the vertical tract corresponds to 
a WM tract. 

 

 

 

 

 

 

 

 

 

 

 

 



 

140 

Figure 4-3. 3D segmentation image of the striatal tissue. Images were reconstructed 
after interpolating the corresponding cellular structures using AMIRA 
software. Visualization of cell bodies (red), WM tract (pink), tightly embedded 
in the neighboring brain tissues including extracellular matrix and other 
smaller and supporting cells (beige structures in the background) are 
presented. 
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Figure 4-4. False-colored light microscopic image of rat cerebellum. It visualizes the 
inherent contrast between WM (dark) and GM (bright) consisting of granular 
layer (1), Purkinje cells layer (2), molecular layer (3), and inter-sulci space (4). 
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Figure 4-5. Direct correlation of ectopic Purkinje cells of the WM of cerebellum in MRM 
and histology images. A) and B) 3D gradient echo MRM images of 
cerebellum. C) Light microscopic image of cerebellar region of interest before 
MR. D) The tissue slice placed securely between the coil surface with a nylon 
mesh to suppress the tissue sample to maintain firm contact with the coil 
surface. MR scan parameters: TE/TR = 10/500 ms, resolution = 8 x 8 x 16 
μm3, FOV = 1x 1 x 1 cm3, matrix = 128 x 128 x 64, NEX =10, AT = 11 hr 22 
min. 
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Figure 4-6. Ectopic Purkinje cells of the WM of cerebellum in diffusion-weighted MRM 
images with different b-values. A) and B) The hypointense region in low b-
values corresponds to the WM, and C) through F) Hyperintense signal region 
in the images taken at high b-values corresponds to the granular layers. Units 
are [s/mm2]. MR scan parameters: 2D diffusion-weighted images (b = A) 0, B) 
400, C) 1000, D) 3000, E) 7000, F) 12000 s/mm2, Δ = 17 ms, δ = 6 ms, slice 
thickness = 80 µm, matrix size = 256 × 256, in-plane resolution = 7.8 (µm)2, 
total acquisition time = 7 hr 7 min, bandwidth = 50 kHz, read and phase 
gradient amplitudes = 591 and 650 mT/m, respectively. 
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Figure 4-7. MR images of -motor neuron cell bodies from human spinal cord (D, E, F) 
and its corresponding correlative histology (A, B, C). Green arrow indicates 
the cell body and yellow arrow indicates tissue tears. 
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Figure 4-8. MRM images of neuronal process in the ventral horn of the pig spinal cord in 
MRM and 3D visualization. A) The MRM images were acquired with 3D T2-
weighted spin echo imaging scheme. B) The corresponding 3D segmentation 
reconstruction was made using AMIRA software. Of particular note is the 
visualization of soma and dendrites (filled pink) tightly embedded in the 
tissues of the ventral horn (transparent green mesh).  
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Figure 4-9. Direct correlation of ectopic Purkinje cell in the dorsal horn of the human 
spinal cord in MRM and histology images. A) For scale purposes, the micro 

surface-coil whose inner diameter was 50 μm was aligned under the cell of 
interest and photographed at magnifications of 20x and (inset) 40x using light 
microscopy B) through F) Corresponding MRM images acquired using a 100 

μm micro surface-coil. T2-weighted images with 100 µm coil with TE = B) 25 
ms, C) 30 ms. Diffusion-weighted images taken with a 100 µm coil b-value of 
D) 0 [s/mm2], E) 1000 [s/mm2], F) 1700 [s/mm2]. Of particular note is that 
there is the signal inhomogeneity in the intracellular domain at a b-value of 
1000 [s/mm2].  
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CHAPTER 5 
DIFFUSION TENSOR MICROSCOPY OF THE CELLULAR STRUCTURE OF 

KIDNEYS AND LIVER IN THE AUTOSOMAL RECESSIVE POLYCYSTIC KIDNEY 
DISEASE (ARPKD) MOUSE MODEL 

Introduction 

Another emerging application of MRM involves the delineation of tubular cells in 

the parenchyma of the kidneys and liver. Of course, like other imaging modalities, MRM 

can be combined with exogenous imaging markers: for instance, employing gadolinium 

or manganese to facilitate T1-weighted imaging [97-100]. Because gadolinium-based 

contrast agents have been shown to result in unwanted complications, especially for 

patients with end-stage renal disease [192, 193], applications of endogenous tissue 

contrasts are preferred. In that regard, one of the benefits of using MRM is that, by 

employing inherent contrast between biologic tissues, it can measure both macroscopic 

changes in the overall  ductal and tissue volumes and microscopic  changes in the 

physiological consistency of tissue structures. Such changes include the size, number, 

spatial distribution, and growth rate of cysts in the kidneys and liver. Given the 

increased need for preclinical trials and therapeutic interventions, the non-invasive 

nature of MRI has been used to great benefit as an early diagnostic indicator for specific 

diseases such as  autosomal recessive polycystic kidney disease (ARPKD). MRM has 

the capability to detect early anatomical changes in organs, thus increasing the time in 

which to apply therapeutic treatments. MRM’s importance as a diagnostic tool in clinical 

trials and therapeutic treatments has been demonstrated, and, in the current study, we 

intend to investigate its potential in regards to ARPKD. To elucidate a practical strategy, 

a brief review on ARPKD and the structure and function of the kidney is presented. 
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Structure and Function of the Kidneys and Liver 

Kidneys, as constituents of the urinary system, play a role in eliminating waste 

products by filtering and excretion. Most waste products are cellular wastes—the end 

products of nutrient metabolism—such as glucose, fatty acids, and amino acids. The 

resulting, mostly nitrogenous, wastes are transformed and filtered into urine by the 

kidneys. When the kidneys fail to function properly, the accumulation of urea in the body 

manifests as daily blood urea nitrogen (BUN). As a result, BUN is used as an indicator 

of kidney function. Another function of the kidneys includes regulation of the 

constituents of the extracellular fluid: for instance, Na+, Ca2+, and chloride. The overall 

regulation of the particles is described as the regulation of osmolarity. The extracellular 

fluid (ECF) is regulated by circulating it in a form of plasma through the kidneys. The 

kidneys also act as an endocrine delivery system that secretes hormones into body 

fluids. One of the hormones is erythropoietin (erythro = red) that stimulates bone 

marrow to promote the formation of red blood cells (RBCs).Bone marrow cells require 

copious oxygen—delivered by the RBCs—for the regulation of the aforementioned 

constituents of the ECF. Another hormone secreted by the kidney is renin, which 

activates angiotensinogen to change its form to angiotensin. The angiotensin causes 

generalized vasoconstriction, that is, it constricts the smooth muscles in the blood 

vessels leading to decreased blood circulation. The resulting increase of mean 

systematic filling pressure makes the heart generate a greater pressure gradient to 

distribute the blood between arteries and veins. When a tumor compresses the renal 

arteries, this triggers the release of renin resulting in a signal that more blood is required 

by the kidneys. If this blockage continues as is observed in ARPKD, the outcome is 

higher blood pressure and renal failure in children after neonatal stage [194]. Therefore, 
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given the weak prognosis, MRM is proposed to be a good indicator to understand the 

clinical manifestations of ARPKD.  

Gross Anatomy of the Kidney 

Kidneys are a pair of bean-shaped organs that, on the ventral side, have a medial 

indentation, the hilum, which serves as the kidneys’ entry and exit point. Their location 

in the abdomen is retroperitoneum—retro = behind) the peritoneal membrane—on both 

sides of the vertebral column below the 12th rib. Due to the position of the liver on the 

right side of the abdomen, the right kidney is lower than the left by approximately 8.25 

cm [195]. They are embedded in the peritoneal fat which acts as a structural support 

much like the fat around the eyeball and unlike other body fats—such as subcutaneous 

fat or intramuscular fat—that serve as energy storage. The internal structure  of the 

kidneys consists of many cup-shaped filtering units called nephrons. These structures 

are composed of the glomerulus and tubules, surrounded by a hollow sinus that 

accommodates such tissues as the renal pelvis, blood vessels, and fat. Interestingly, 

the lobes consist of 5 to 11 individual lobules (seven in humans) and are collectively 

called the renal medulla. They are separated in the embryonic stage of development, 

but fuse into a pyramidal shape by adulthood. The striated renal pyramids are aligned in 

parallel with tubes that widen toward the apex in the coronal section and act as a 

collecting duct. At the apex of the pyramid, the renal papilla—finger shaped structures—

project into the minor calyx. Between the striated renal pyramids, or medulla, there is 

the renal column whose tissue type is the same as the cortex. 

Microscopic Anatomy of the Kidney  

The functional unit of any organ is defined as the smallest collection of the organ’s 

component parts necessary to perform the required function. In the case of the kidney, 
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the functional unit is the nephron. Each kidney is composed of approximately 300,000 to 

1 million nephrons on average even if the actual numbers of the nephrons may be 

varying on an individual basis, and each nephron is composed of renal corpuscle, renal 

tubules, and peritubular capillaries [196]. The renal corpuscle is composed of a 

internalized capillary network known as the glomerulus surrounded by a sphere-shaped 

structure for filtrate collection known as Bowman’s capsule [197]. During embryonic 

development, as the tubular parts expand, the ends form the spherical shape of 

Bowman’s capsule. This tissue consists of the parietal layer on its outer rim and the 

visceral layer on its inner rim, and serves as a filter. In the vascular system, the 

capillaries play the role of a filter allowing metabolites to pass between parenchyma and 

blood vessels [197]. The glomerular filtration barrier covering capillaries inside 

Bowman’s capsule consists of capillary endothelium, glomerular basement membrane, 

and podocyte foot processes, filter waste products, such as nucleic acid, uric acid, 

blood plasma, and extra salt, through the nephron. Wrapping around the capillaries, 

there are the podocytes (podo = foot) and pedicels which extend from the podocytes 

creating slits between them. The blood is filtered through these slits in what is known as 

the slit diaphragm [101].  

Second, the renal tubule is an extension of the parietal layer of Bowman’s capsule 

and is composed of four segments: a proximal tubule, the loop of Henle, a distal tubule, 

and a collecting duct. The first segment, the proximal tubule, is described as a 

convoluted tubule located in the cortex and the renal column, which have the same 

tissue composition. Each is approximately 14 mm long and 60 µm in diameter, making 

the length roughly 250 times greater than the width. The proximal tubule where the 



 

151 

majority of the absorption forms the filtrate is through which the plasma filtrate passes 

from the parietal layer of Bowman’s capsule. The second segment is known as the loop 

of Henle. It is a large, hair-pin like dual loop located in the striated renal pyramid and 

ascending to the cortex. Its primary function is to concentrate the urine by absorbing 

water. The third segment is known as the distal tubule, and it presents as a convoluted,  

and twisted segment of the nephron. It is located inside the cortex and is almost the 

same length as the proximal tubule. The final segment is the collecting duct, which 

passes through the striated region inside the renal pyramid and opens at the renal 

pelvis for the urine to pass through.  

There is a dense vascular network around the aforementioned tubular parts which 

is known as the peritubular capillaries. These capillaries merge into the interlobular and 

arcuate veins coming back to the kidney. These four components are the main 

structural parts of the functional unit of the kidney, the nephron.  

Using these four components, the kidneys serve to filter, reabsorb, and secrete. 

They are essential to survival and it is invaluable to understand the details regarding 

their structure and function. The following experiments focus on the delineation of 

differences between normal and diseased (PKD) kidney structure. 

Introduction to Polycystic Kidney Disease, PKD 

Polycystic kidney disease (PKD) is a primary cause for end-stage renal failure, 

which affects more than 500,000 people in the United States alone [102]. It manifests as 

a developmental abnormality such as defects in nephron formation, renal cystic 

disease, and congenital hepatic fibrosis, and is most likely, but not exclusively, caused 

by a hereditary genetic disorder [198, 199]. Among its many symptoms, the most 

recognizable is the formation of cysts in the kidneys. These cysts are often caused by 



 

152 

aging, dialysis, drugs, and hormones [103], or as a genetic disorder. These genetic 

disorders can be autosomal dominant or recessive depending upon the mode of 

inheritance of PKD or nephronophthisis, medullary cystic diseases, and the like.  

Among the multiple types of PKD, ADPKD is the most common [200], and 

manifests in one of two types. Type I is caused by a mutation of the pkd 1 gene and 

affects up to 85 to 90% of people with the disease [149]. Type II is due to a mutation of 

the pkd 2 gene and accounts for the remaining 10 to 15% [104]. In spite of differences 

in the onset of symptoms and progression to renal failure, both genes manifest clinical 

pathologies and share the same origin, arising due to the by-products, polycystin-1 or 

polycystin-2, formed in the renal tubular epithelia [104, 105]. It is characterized by the 

rapid proliferation of cysts in both kidneys, and has clinical manifestations of hematuria, 

polyuria, hypertension, degraded urinary concentration ability, and flank pain. Along with 

a number of cysts in the kidneys, their size can create the potential for disease 

developments  to other organs such as the liver, pancreas, and heart [106]. 

A less common type of PKD, ARPKD, is caused by a mutation in PKHD1 [107, 

108]. Compared to ADPKD, which occurs in around 1 out of every 400 to 1000 live 

births, ARPKD occurs in about 1 out of every 20,000 live births. It presents as 

elongation, enlargement, and dilation of the collecting ducts in conjunction with intestinal 

fibrosis [102, 198, 199, 200]. The parenchyma of the kidney is modified into a rough, 

sponge-like consistency and the organs themselves enlarge. As a critical amount of 

enlarged ducts compress neighboring, normally functioning tissues such as nephrons 

and blood vessels, BUN becomes elevated and urinary concentration is impeded. 

These events are followed by failure of the absorption function of the collecting ducts. At 
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the fetal or neonatal stage, these developments disrupt formation of the lungs 

(pulmonary hypoplasia) and result in marked enlargement of both kidneys, often 

necessitating kidney transplantation. Should the child survive, it develops renal failure 

and portal hypertension or hepatic fibrosis. Portal hypertension comes from interstitial 

fibrosis expressed by the formation of small-to-massive cysts originating from stretched 

and elongated collecting ducts in the renal system. Hepatic fibrosis presents as 

abnormal development of the biliary ducts, and enlarged and fibrotic portal tracts [109].  

Rationale for Investigation of the Cellular Domain 

As discussed above, in addition to the incidence rate of two genetic disease types, 

ADPKD and ARPKD, the survival rate is also comparable. Almost half of ADPKD 

patients encounter end-stage renal disease by age 60, but most infants who survive the 

perinatal period will develop renal failure by adolescence. Both diseases terminating in 

renal failure arise from the cellular domain, i.e., cyst-lined epithelial cells in tubular 

segments that have Na/K/ATPase in their basolateral membrane [110, 201]. As the 

cysts form and develop in the nephron, the cells swell and the distance between 

molecules and tubular cells cannot communicate by widening the diffusion distance. 

There is a difference in the site of origin between the two disease types. Specifically, in 

ADPKD, cyst complications form in the tubular segment of the nephron, that is, the 

distal tubules, proximal tubules, and the loop of Henle. In ARPKD, however, cysts form 

in the renal epithelia of the collecting ducts that regulate re-absorption of water, sodium, 

and potassium [111]. By understanding the characteristics of these diseases in the 

cellular domain, our diagnostics and therapeutic treatment options will improve. To this 

end, MRM as a non-invasive diagnostic tool will aid in elucidating the triggering 

mechanisms of cyst formation at the micron scale.  
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Utilization of cpk Mice  

Human cystic kidney disease has gained many benefits from comparative 

biological research on animal models. Through comparison of biochemical, anatomical, 

and functional characterization between humans and various murine models, the 

understanding and identification of pathogenic information has been elucidated with 

respect to PKD development and therapeutic treatments. This includes knowledge of 

epithelial cell proliferation and differentiation [202, 203, 204], cystic fluid accumulation 

[205, 206], and extracellular matrix composition [207, 208, 209, 210]. Out of several 

mutations induced by genetic manipulation with experimental mouse models, the 

congenital polycystic kidney (cpk) mouse model is well-characterized with respect to 

molecular determinant and experimental models of murine PKD [112]. Even if the renal 

phenotype is presented in B6-cpk/cpk mice, only definite crosses permit the biliary 

phenotype to be expressed. To examine the biliary phenotype, the B6 cpk strain was 

crossed with the BALB/c strain [113]. In the current study, using MR microscopy, we try 

to delineate and understand the characteristic morphological changes in the isolated 

renal systems of the cpk mouse model of ARPKD. Additionally, the data will be 

validated with the histochemical analysis and quantitative volumetrics of kidneys and 

livers quantified in both normal and PKD mutant mice. 

Contributions of MRI 

A variety of imaging modalities, such as ultrasonogrphy, CT, and MRI, are 

applicable in clinical environments to monitor the progression of the ARPKD and the 

response to targeted therapy at early disease stages. There are, of course, benefits and 

limitations to all imaging modalities. For example, ultrasonography has a relatively low 

cost, but poor accuracy and reproducibility. Likewise, CT has relatively higher resolution 
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to measure the volume of cysts in vivo, but poses potential toxicity effects from using 

exogenous ionizing radiation and contrast medium. Exposure to these agents can result 

in fatal damage to patients with end-stage renal disease [192, 193]. Compared to them, 

MRI can offer significant advantages, such as non-invasiveness, accuracy, 

reproducibility, and the capacity of quantitative analysis to measure volume, structure, 

and functional change of the renal system. MRM can be used to track disease 

progression at the expense of long acquisition time. However, when employing such 

contrast media as gadolinium, extra attention must be paid to the potential damage to a 

patient in end-stage kidney disease. The best strategy to prevent any potential renal 

complications caused by the toxic effects above is employment of endogenous contrast 

rather than getting aided by any exogenous media. Furthermore, anatomical and 

pathophysiological changes from the early stage to the pre-and post-treatment stage in 

a non-invasive manner would be more ideal for the patients who are already suffering 

from the disease itself. In that regard, MRM with the highest possible resolution and 

sensitivity may open up the pathway to meet the needs of the aforementioned demands 

from the tissue levels out of isolated renal or hepatic organs to set up the landmark and 

reference to treat the human patient in the long run. This deep tissue imaging using 

MRM can fulfill the need to visualize internal structures without concern about 

invasiveness from the preparation required of histology protocols, such as destruction of 

the cellular membrane due to dehydration. MRM also does not suffer from and light 

scattering, absorption, and tissue auto-fluorescence typically encountered in light 

microscopic techniques. Despite sacrificing some resolution on the order of 5~10 µm, 

which is still lower than confocal or multi-photon microscopy, MR microscopy has the 
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capacity to quantify cystic development in the mouse models of ARPKD by using 

endogenous contrast inherent to the delicate, soft tissues of the kidneys and liver. At the 

same time, to improve hands-on applicability, imaging time could be saved while still 

keeping the efficiency and stability of the imaging protocol with well-orchestrated 

resolution, sensitivity, and contrast.  

Significance of Volumetrics   

The significance of measuring the alteration of entire kidneys and liver comes from 

research on disease progression that can be monitored by dilation of collecting ducts 

[150] and the resulting growth of cysts due to the disruption of the renal cortex and 

medulla. Additionally, samples reflect the response to treatment, which is less effective 

at the later stages of the disease. Furthermore, estimation of individual or collective cyst 

volume is important to identify the early stages of this genetic disease which is 

important for ensuring a higher chance of therapeutic efficacy. However, there are 

challenges in monitoring the minute destruction of renal parenchyma and the variation 

in composition of multiple cysts that reflect different signal physiognomies. The 

prognostic value of volume measurements is reinforced by the fact that renal cysts are 

created in utero and progress throughout the person’s lifetime. Therefore, in addition to 

the entire volume of renal systems, other renal structural parameters, such as position, 

size, and number of cysts, can also be good imaging biomarkers, closely related to 

other clinical manifestations of complications such as hypertension, pain, and 

hematuria. Additionally, in relation to malfunctioning renal artery blood flow, several 

structural changes in other organs are induced, such as pancreatic cysts and left 

ventricular hypertrophy: the latter of which is potentially correlated to chronic induced 

hypertension. In the current study, volumetric analysis on kidneys using voxel-count 
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based MRI segments displays its efficiency and capability to measure the progression 

of ARPKD. These results are validated with conventional water displacement 

measurements [114]. Likewise, quantitative and 3D MR imaging with high precision 

contributed to reduction in overall sample size and protocol refinement saved additional 

animal sacrifice and numerous post-processing immune-chemical staining works. 

Despite many promising clinical trials, there are no proven therapeutic treatments 

available for slowing the disease progression [115]. However, recent advances in 

technology and treatment give us in-depth insight on the genetic causes, prognosis, and 

therapeutic interventions from the beginning stages of kidney disease to renal failure.  

Methods 

Wild Type and Mutant Mouse Liver and Kidney  

All mice employed in these experiments were maintained and administered by 

collaborators at the University of Alabama at Birmingham. They were bred from stock 

colonies of C57BL/6J-+/cpk (b6-+/cpk) mice and Balb wild-type (Balb WT) mice. F1 

progeny heterozygous for the Cys1cpk allele were identified using standard PCR-based 

genotyping techniques and intercrossed to generate F2 wild-type and mutant mice. All 

F2 wild-type and mutant mice were genotyped using standard PCR-based genotyping 

techniques and sacrificed at 20-22 days of age. For each mouse, both kidneys and the 

liver were fixed in 10% buffered formalin for two days, then they were immersed in 

phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 

mM KH2PO4: pH 7.4) overnight at ambient temperature (22 ± 0.5° C) to rinse any 

fixative from the sample. This is performed in order to avoid severe chemical shift 

artifacts and T2 shortening effects. PBS filled the space inside the biliary tree of the liver 
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to resulting in better contrast in T2-weighted images due to their longer T2 relaxation 

times.  

Depending upon imaging applications, typically either PBS or FC-43 is employed 

to suspend samples in for imaging applications. Specifically, for this study, both liquids 

were employed because they offer good contrast for volumetric imaging of whole 

samples. When it comes to imaging the biliary trees in the liver, oil-based FC-43 is very 

useful to eliminate any magnetic susceptibility effects, but may have difficulties 

penetrating into the finest branches of livers.  

In order to obtain  sectioned samples for the surface coil imaging— which offers 

the highest sensitivity in proximity to the coil surface—kidney and liver slices ranging 

from 25 µm to 250 µm were cut with a Lancer Vibratome (Ted Pella, series 1000, 8885-

054018). 

Volume Measurements by Water Displacement, MRM, and Correlative 
Histopathology of ex vivo Livers and Kidneys 

 Liver and kidney volume was assessed by counting the number of voxels 

segmented from the each soft tissue region. For example, the voxels for the liver and 

bile ducts were counted and for both wild-type (n=6) and mutant liver MR datasets (n = 

6). Voxel counts of the entire kidney in wild-type (n = 8) and mutant MR datasets (n = 

12), were compiled and comparative analysis was carried out ex vivo [114] using water 

displacement to assess total organ volume. The enlarged, diseased kidneys presented 

with dilation of the collecting ducts filled with benign cysts. It showed good agreement in 

the resulting values between the two methodologies. The comparative data is 

addressed in the discussion section.  
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All MRM work was performed using an Oxford 14.1 T and Bruker 17.4 T, which 

were equipped with 3000 mT/m imaging gradient coils.. Two wild-type kidneys were 

easily accommodated in the 10 mm NMR tubes. Each was wrapped in a Kimwipe 

(Kimberly-Clark, Roswell, GA) to prevent movement during scanning. These scans were 

conducted in a 14.1 T magnet. However, due to the enlarged features of diseased 

kidneys and the resulting fragility of the basement membrane, extra care was taken 

when positioning the mutants into the 15mm NMR tubes. Scanning of the diseased 

kidneys was conducted in a 17.4T magnet. For liver imaging, both liver samples were 

tailored to fit into the 10 mm NMR tube. To achieve this, the biggest lobe was selected 

and removed by gross dissection. Here again, due to the delicate composition of the 

liver tissue, extra care was taken during positioning.  

For deep tissue imaging of the liver and kidneys, samples were prepared as 

described above and then carefully positioned in the tissue well of the surface coils. 

Images were acquired with a 2D multi-slice multi-echo (MSME) imaging sequence. This 

sequence was chosen because of the high level of contrast generated between tubular 

and ductal structures. This sequence also has the advantage of avoiding any possible 

magnetic susceptibility artifacts as seen in gradient echo images. After collecting pilot 

images to check for proper tissue  positioning and RF power, 2D MSME images in the 

coronal and sagittal planes were acquired: TE = 50 ms, TR = 2.5 s, number of averages 

= 10, FOV = 2 mm x 1 mm, sampling matrix (MTX) = 256 x 128, slice thickness = 200 

µm, in-plane resolution = 78 µm.  It is generally better to employ the longest axis of the 

sample in the read-out direction as this can save significant amounts of time.  
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For correlation with histology, after being embedded in paraffin, all slides of 

kidneys and livers were micro-sectioned at 5 µm. All histological work, such as 

hematoxylin and eosin staining, and statistical analysis was carried out at the University 

of Alabama, Birmingham. All the protocols were approved by the Animal Care and Use 

Committee at UAB, which is fully accredited by the American Association of 

Accreditation of Laboratory Animal Care (protocol no. 3387). 

Micro Surface-coil Imaging for Micro Structural Information and Correlation with 
Histopathology of ex vivo Tissues of Both Types of Livers and Kidneys  

 Nephrons in the kidneys and the lobules in the liver constitute the functional units 

of these organs. For deep tissue imaging with micro surface geometry of RF coils,  fixed 

kidneys were washed in PBS overnight to rinse out as much formaldehyde as possible 

prior to being bissected lengthwise. The cut faces were glued on a specimen block (Ted 

Pella, series 10076) using Loctite® 404 tissue adhesive (Ted Pella, series 10035). The 

tissue on the block was placed in a vibratome (Ted Pella, Lancer series 1000, 8885-

05418), then bathed in PBS (pH 7.4, 300mOsm). A bag of ice was used to reduce the 

PBS bath temperature which improved the ease of sectioning. This extra cooling step 

reduces mechanical compression and tears during sectioning. Once multiple sample 

sections of 100 to 250 µm were collected, a representative slice possessing the  

anatomical features under investigation was selected and cut to fit into the coil 

assembly’s sample well (0.5 cm diameter, 500m depth) with the aid of a dissecting 

microscope (OPMI 1-FC, Carl Zeiss). To make histological validation easier, 

endogenous landmarks, such as cells or connective tissues and surgically crafted 

markers were sometimes required. As described in Chapter 2, the well was capped with 

PCR film. During sealing, care was taken to avoid capturing any micro-bubbles inside 
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the tissue well. MR imaging was performed with a T2-weighted spin echo sequence with 

variable TEs (12.5, 20, 30, 40, 50, 60 ms), TR (2000 ms), in-plane resolution (12 µm), 

slice thickness (200 µm), matrix size (128 x 128), FOV (1.5 x 1.5 mm2) and a series of 

diffusion-weighted spin echo sequences with b-values (0, 500, 1000, 2000 [s/mm2]), 

TEs (30 ms), TR (2000 ms), resolution (12 µm), matrix size (128 x 128), FOV (1.5 x 1.5 

mm).  

For diffusion tensor tractography, DTI tools software package (DTI Tools, Freiburg 

University Hospital, Germany) which utilizes the Fiber Assignment by Continuous 

Tracking (FACT) algorithm [160]. The tracking was visualized across the entire FOV by 

diagonalized diffusion tensor with Matlab (The MathWorks Inc.). The direct co-

registration between MR DTI imaging data with the histological images stained with 

Nissl (cresyl violet) was achieved. The renal hilum, concave indentation of the kidney, 

was recognizable landmarks in both imaging datasets.  

Results 

MRM Analysis of Wild-Type and Mutant Mouse Kidneys 

In Figure 5-1, the structural inhomogeneity between medulla and cortex is 

visualized, and the hypointense signal around the hilum-the recessed central fissure 

corresponding to structural fat— is also seen. The Kimwipe used to secure the samples 

had a hypo-intense signal. In Figure 5-2, normal kidneys are displayed. There are clear 

demarcations between medulla and cortex regions. These images were collected using 

FLASH (Fast Low Angle Shot) magnetic resonance imaging: a gradient echo-based 

pulse sequence that rapid acquisition as well as a spin echo pulse sequence that is less 

sensitive to field inhomogeneities (Figure 5-3). Inhomogeneous signal results from the 
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presence of medulla and cortex. By increasing TE, T2 contrast enhancement revealed 

the inner structures of the kidneys.  

In Figs. 5-4 and 5-5, the characteristics of pkd kidneys are visualized. Cyst-filled 

kidneys presenting with fluid-filled, dilated collecting ducts are visible. The hyper-intense 

signal in the images corresponds to kidney parenchyma that has been changed into 

deformed and tortuous scar tissue that contains numerous fibers. In diffusion-weighted 

images, unlike the free water in PBS surrounding the sample and cystic fluid inside the 

parenchyma, the water trapped in connective tissues generates a hyper-intense signal. 

These results illustrate the capability of the MRI to monitor the disease at an early 

developmental stage (here 3-month-old mouse). Up to b-values approaching to 3,000 

s/mm2, water trapped and restricted in the scar-filled connective tissues displays hypo-

intense signal.  Volume differences between the two types of the kidneys (0.5 cm vs. 

1.5 cm) were quantified by visualizing wild type (n=8) and mutant (m=12) of kidneys in 

3D visualization imaging software, Amira version 3.1.1 (Figure 5-6). Then, the volume 

was calculated from the total number of pixels (Figure 5-6). The average volume for 

mutant kidneys (n=12) is about 14 times bigger than the wild-type kidney (n=8) 

(1307.61±181.37 mm3 versus 92.99±10.05 mm3, Table 5-1 and 2).  

MRM Analysis and 3-D Segmentation of the Biliary Architecture in Wild-Type and 
Mutant Mouse Livers  

The differences in volume are reported in Table 5-1. Livers from diseased and 

healthy mice were also analyzed quantitatively and qualitatively by MRI using AMIRA 

software version 3.1.1. The example data sets from both wild-type (a) and PKD mutant 

(b) mouse livers. The segmentation works on the livers were analyzed to isolate the 

biliary tree. The total wild-type liver volumes were larger than the mutant one by a factor 
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of 1.8 (664.51±61.61 mm3 versus 374.46±152.86 mm3) while the mutant livers manifest 

the higher variability in volume. The biliary tree volumes themselves present this 

tendency (wild type =111.75±10.85 mm3, mutant = 44.77±28.66 mm3). These values 

were determined to be significantly different (p<0.05). The difference in volume fraction 

is well visualized in the images in a fashion that the mutant livers manifest less dense 

arborization and truncation indicative of developmental abnormalities in the mutant 

animals. The ductal volume of mutant livers was 1.5 fold less than that of wild-type 

livers (Table 5-1 & 2). The H&E stained histological images of (c) wild-type and (d) 

mutant liver depict that the architecture of the portal vein (PV), bile duct (BD), and artery 

(A). Especially, due to the mutation the patho-morphological change, e.g., enlargement 

of the bile duct (BD), is well presented (Figure 5-7).  

MRM Analysis of Fixed Kidneys Using Micro Surface-Coils 

The medulla, which has radiating pyramid-like structures, contains the cylindrical 

tubes of the nephron. They are distinguishable in the images by the difference in the 

diameter of their cross-sections (Figure 5-8). Interestingly, with T2-weighted images (TE 

=12.5 ms (Figure 5-8 A), 16 ms (Figure 5-8 B) the spin-spin relaxation properties of the 

parenchyma, connective tissue and hollow regions inside the kidneys are revealed; 

however, with diffusion-weighted imaging the signal from areas of the tissue containing 

free water is suppressed (Figure 5-8C).Tubular cells in the kidneys, are quite permeable 

to water due to their role in filtration, absorption, and secretion processes. These 

features result in reduced hindrance/restriction effects unlike the elevated 

hindrance/restriction effects seen in the connective tissues.  

In Figs. 5-9A and 5-10A, even with in-plane resolution of 39 µm, the gross 

anatomical features such as inner medulla, outer medulla, and cortex are highly 
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resolved and show high structural heterogeneity. In the striated medulla, proximal 

tubules and the ascending loops of Henle are seen intermingled and interlaced with the 

renal vascular system. Figure 5-9 shows the diffusion tensor data set with in-plane 

components of the calculated tractography. The overlaid in-plane component of the 

primary diffusion eigenvectors correlates spatially with the radial striation of medullary 

rays in the histological image. Figure 5-10 illustrates a slice the mouse kidney showing 

both regions of medulla and cortex. The DTI data set shows that the striation of medulla 

rays emanating from the outer medulla spread outas they approach the cortex. The 

relatively complex architecture in the cortex reflects the structural detail of the nephrons. 

This tissue—composed of glomerular bundles, Bowman’s capsules, distal tubules, and 

vasculature— appears blurry due to volume-averaging in the MR data.  

Discussion 

Volume Measurements by Water Displacement, MRM and Correlative 
Histopathology of Fixed Livers and Kidneys 

Before expanding to in vivo and functional imaging of the kidneys, this preliminary 

work with fixed samples shows the potential to use dedicated, small-animal MRI 

scanners to perform research to identify translational opportunities to humans. In the 

current study, non-invasive volume measurements of normal and diseased livers were 

collected using MR imaging analysis. Only the largest lobe of both types of livers, 

mutant and wild-type, was used so that they could be placed inside a 10mm NMR tube. 

Samples were scanned in a 10 mm RF coil with high filling factor. Interestingly, the 

mutant livers had lower total volume values than the wild-types.  It was interesting 

considering the opposite result in clinical data for human patients [186, 187]. This 

feature develops with age probably in large since the organs of both types had been 
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isolated from the in-bred animals at three months of age before the second fibrosis. 

Even though many factors affect the change of volume in the biliary system of the 

diseased liver characterized by portal hypertension and hepatic fibrosis, secondary 

hepatic fibrosis is presumed to be the primary cause of the increased volume. 

Hypertension and hepatic fibrosis leads to pruning of the biliary trees resulting in 

reductions in the volume of liver parenchyma.  Within the mutant liver population, 

variability in the volumes of the mutant livers was observed. Such differences were odd 

given the presumed uniformity of in-bred animals; however, these differences were not 

as disparate when the ratio between the liver volume and duct volume was considered. 

Endogenous tissue contrast generated with samples immersed in either PBS or FC-43 

was used in the current study. More specifically, in the current study, both liquids offer 

good contrast in scans needed for volumetric analysis of whole samples; however, 

when it came to imaging the biliary trees, PBS served our purposes better than the oil-

based FC-43. Fluorinert, which is very useful in eliminating magnetic susceptibility 

effects, also presents difficulties penetrating into the finest branches of of livers.  

As a result of the disease, ARPKD, process, prominent morphological alterations 

in the liver lead to volume modifications. Pruned intrahepatic biliary tree arising from 

dilation and enlargement of the biliary ducts due to cyst formation originating from cystic 

epithelial cells was observed. Volumetric data analysis using histological techniques 

were deemed to be too time intensive and suffered from issues such as volume 

changes due to dehydration during sample preparation. Comparatively, quantitative 

analysis of volume using 3D MR imaging analysis was carried out in a reasonable time. 

Following the volumetric imaging analysis, noteworthy features were found. First, the 
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mutant liver is approximately 1.7 times greater than the wild type, which mirrors the 

conditions observed in ARPKD patients who usually have bigger livers due to fibrosis 

and pruned biliary trees as an inflammatory response to the disease. Second, the ductal 

volume of the mutant livers is highly variable mainly due to abnormality and irregular 

truncation of the biliary tree and hepatic ducts in the diseased condition (Table 5-1 and 

5-2). Third, there was a slight deviation from what had been expected in both types of 

livers with respect to the ductal and total volumes. The water signal, the main source of 

the MR signal, comes from water confined in tissue. These areas include the portal 

vein, biliary ducts, and sinusoids around the hepatocytes (Figure 5-7). The prominent 

morphological alterations of the disease process in the liver include truncation of the 

intrahepatic biliary tree and enlargement of the biliary ducts (area in 2D histological 

image and volume in 3D reconstructed image) due to cyst formation arising from cystic 

epithelial cells. 

Magnetic Resonance Microscopy of Fixed Kidneys  

From T2-weighted and diffusion-weighted images generated with a 500 µm coil, to 

our knowledge for the first time using MRM, the tubular structures in the medulla strips 

were delineated. The nephron is revealed to be made up of tubular cells including the 

glomerulus, Bowman’s capsule, proximal tubule, loop of Henle, distal tubule, and 

collecting ducts. The pyramidal structures of the medulla that radiate from the inner to 

the outer kidney appear differently in images with different slice orientations. Depending 

on the direction of the slice, images display different cross-sectional segments of tubular 

structures starting from the thinner, descending and thicker ascending loop of Henle, 

and progressing to the thicker proximal tubule, loop of Henle, and finally to the largest-

diameter collecting duct (Figure 5-8).  
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The anatomical boundary between the renal medulla and renal cortex is marked 

by vascular structures (actuate vessels), convoluted tubules, and renal corpuscle, which 

are all located in the cortex. The rays in the medulla are highly orientated, aligned in 

parallel, and interdigitized with epithelial cells specialized in absorbing water from the 

filtrate and regulating the concentration of urine. The micro-architectural complexity is 

well visualized in MR images and reconstructed from segmentation data. This well-

defined striation of outer medulla has attracted the applicability of the relatively recent 

diffusion-related technique to trace any anisotropic water movements in the fiber 

bundles to visualize fiber directions in the kidneys [116, 117]. The liquid bath employed 

in the majority of experiments was PBS, but FC-43 was also be used to obtain image 

signal exclusively from the tissues. Using FC-43 with limited volume of samples, 

especially in ultra-high resolution MR imaging work, presented difficulties regarding 

detection of the restricted water signal in tissues. 

Conclusions and Future Work 

In this study, MRM was utilized to reveal characteristics of disease progression in 

isolated, fixed kidneys and liver of pkd mice. Using MRM, this was achieved in a non-

invasive way in hopes of mirroring the desired imaging conditions conducted in human 

patients. Compared with other imaging modalities, MRM has the advantages of non-

invasiveness, accuracy, reproducibility, and capacity of quantitative analysis to measure 

the structural and functional changes of the renal system. Such advantages, in the case 

of MRM, come at the expense of long acquisition times. MRM presented its capacity to 

visualize the internal structures of the renal and hepatic systems in normal and mutant 

mice while avoiding the effects of structural deformations from histological preparation 

protocols. Additionally, this deep tissue imaging by MRM offered contrast arising from 
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the inherent magnetic properties of the tissues. Unlike contrast generated with light 

microscopic techniques, including the degree of light scattering, absorption, and tissue 

auto-fluorescence requiring exogenous agents. 

Diffusion Tensor Tractography of Nephron Structures 

As discussed above, ARPKD is a genetic disease characterized by cyst formation 

in kidney collecting ducts. Compared to other segments of the kidneys, such as the 

glomerulus, renal corpuscle, proximal tubules, distal tubules, and the loop of Henle, the 

diameter of the collecting ducts is greatest in a normal, healthy kidney. In the process of 

monitoring their enlargement due to cyst formation, high-resolution MRM employing 

endogenous tissue contrast. Thanks to its non-invasiveness, MRM can fill the needs of 

structural monitoring of nephrons in kidneys to monitor for pathologies. Conventionally, 

biopsy specimens are usually taken for histological examination at the expense of the 

invasiveness required for tissue procurement. Processing requires destruction of the 

epithelial membrane and lumen in the process of dehydration and slicing of the 

samples, which already manifest membrane abnormalities arising from cyst and scar 

tissue formation. These abnormal tissue properties result from dysfunctional regulation 

of hydrostatic pressure between tissue colloidal osmotic pressure and blood plasma 

osmotic pressure. However, MRM can overcome limitations of histological processes 

and, furthermore, it can act as a reference point to future measurement of patients’ 

organs in the clinical environment.  

Volume Comparison between Normal and Mutant Kidneys and Liver at Various 
Stages of Disease Onset and Progress 

In this study, the reason for our findings that include a smaller mutant liver volume 

compared to wild-type livers was investigated. Considering the age of the animals used, 
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3 months old, this very young mouse model had not undergone the secondary process 

of fibrosis, which might have elevated the kidney volume significantly. By widening the 

temporal window of monitoring pathological changes from prenatal, 3-month-old, 6-

month-old, and beyond 6 months, the threshold of chronological volume changes can 

be investigated in a reasonable processing time. 

Observation of Collecting Duct Dilation 

 ARPKD is a single autosomal recessive disease complex with a recessive trait, 

which means that once the cell loses its normal osmolality with normal checks and 

balances, it swells, divides (hypertrophy), and starts to proliferate (hyperplasia) [211]. 

As a consequence, the biochemical interactions between intracellular organelles and 

the basement membrane, and the malfunction of a single step in intracellular and 

intercellular communications give rise to cyst formation resulting in renal cystic diseases 

which is connected to the congenital hepatic fibrosis (CHF),and biliary tract truncation 

[212, 213, 228, 229]. Due to the impaired function between epithelial cells on the 

basement membrane, the water reabsorption process is affected. Specifically, because 

of the poorly regulated membrane due to the accumulation of epithelial cells followed by 

endothelial retraction and enhanced capillary permeability, the leak-out plasma protein 

pulls the water in, resulting in the increased size of collecting ducts. By monitoring 

abnormal water transport through collecting duct channels occurring in the abnormal 

nephrons, especially using DWI—an MR imaging scheme which is highly sensitive to 

water diffusion in the microstructure of the tissue—makes it possible to track the tissue 

architecture using endogenous tissue water.  
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Figure 5-1.2D MSME MRM of normal kidneys in axial direction. The kidneys were 
wrapped with Kimwipe (black line). MRM scan parameters: TR = 3 s, TE = 60 
ms, thickness = 500 µm, in-plane resolution = 94 µm, average = 4, AT = 26 
min.  

 

 
 

Figure 5-2. 3D FLASH images of a normal kidney. MR scan parameters: TR/TE = 150 
ms / A) 15 ms, B) 30 ms, C) 45 ms, D) 60 ms, In-plane resolution = 39 µm, 
thickness = 200 µm, AT = 17 min. 
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Figure 5-3. 2D MSME MRM of a normal kidney in coronal direction. Bright striated 
pattern indicates the medulla and hypo-intense signal area corresponds to 
cortex. MR scan parameters: TR/TE = 2 s/ A) 15 ms, B) 30 ms, C) 45 ms, D) 
60 ms, resolution = 39 µm, thickness = 200 µm, AT = 17 min. 
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Figure 5-4. 2D diffusion-weighted MRM of a mutant kidney in axial direction. A) 
Representative MSME images of a cyst-filled mutant kidney. MR scan 
parameters: TR = 2 s, TE = 100 ms, NEX = 2, AT = 33 min; B)-E) diffusion 
weighted images of mutant kidney in a 15 mm tube collected with a 20 mm 
RF saddle coil. MR scan parameters: b-values = A) 0 [s/mm2], B) 500 
[s/mm2], C) 1000 [s/mm2], D) 3000 [s/mm2], NEX = 4, AT = 2 hrs 16 min. 
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Figure 5-5. 3D GE MRM of a mutant kidney. A) Representative 3D gradient echo MRM 
of a mutant mouse kidney with large fluid-filled cysts in FC-43; B) through E) 
diffusion weighted images in a 15 and 20 mm saddle coil with b-values = B) 0 
[s/mm2], C) 500 [s/mm2], D) 1000 [s/mm2], E) 3000 [s/mm2]. 
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Figure 5-6. Representative images of volume visualization using AMIRA. A) Wild-type 
kidneys. B) Mutant kidney using AMIRA. A) Two wild-type bean-shaped 
mouse kidneys were wrapped with Kimwipes (hypointense dark lines) for 
MRM. B) Mutant type of mouse kidney with fluid-filled cysts. The 
segmentation process was enhanced by manually outlining the kidney image, 
slice by slice in the multi-slice data sets for each sample using the software. 
Images are not shown to scale.  
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Figure 5-7. Volume visualization of both types of mouse liver using AMIRA and 
histology images. A) and B) The 3D volume photo illustrates the overall 
structure of bile ducts within the slices of 2D MR liver images. The solid 
yellow line corresponds to the bile ducts and the transparent yellow depicts 
the largest lobe of the liver. The H&E stained histological images of C) wild-
type and D) mutant liver. PV, portal vein; BD, bile duct; A, artery. The images 
are not shown to scale. 
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Figure 5-8. Delineation of cellular structures in a kidney slice in MRM. A) and B) T2-
weighted spin echo images show the functional units of the kidney, for 
example, distal tubules, proximal tubules, and the collecting ducts in order by 
size of diameters; C) diffusion-weighted spin echo image, MR scan 
parameters: Multi Spin Multi Echo pulse sequence with TE/TR = A) 12.5 ms, 
B) 60 ms. C) 2D diffusion weighted imaging with b = 2000 [s/mm2], TE/TR = 
30/2000 ms, resolution = 12 x 12 x 200 um3.  
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Figure 5-9.Direct correlation of medullar region of the kidney in MRM and histology 
images. A) Representative MR image of the striated medullar region in a 
normal kidney with a resolution of 39 µm using a 5mm volume coil. B)The 
same slice with a micro surface-coil, C) Nissl-stained slice. D) 21-direction of 
DTI reconstruction using streamlines based on the FACT algorithm delineates 
the medullary tracts in the inner medulla area of a dorsal section of the mouse 
kidney corresponding to the circle on the same region of interest in C). 
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Figure 5-10. Direct correlation of medullar-cortex region of the kidney in MRM and 
histology images. A) Representative MR image of the transitory region from 
the medullar to cortex region in a normal kidney using a 5 mm volume coil, B) 
one with a micro surface-coil, C) Nissl-stained slice, and D) 21-direction of 
DTI reconstruction using streamlines based on the FACT algorithm depicts 
the medullary tracts in the outer medulla area of a dorsal section of the 
mouse kidney corresponding to the circle on the same region of interest in C). 
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Table 5-1. Volumetric analysis of wild-type kidney volumes assessed with MR imaging 
data and segmented with AMIRA. The second column presents the total 
volume of the kidneys (n = 8).  

WILD-TYPE KIDNEY TOTAL VOL [mm3] 

MEAN 92.99 
STD 10.05 
SEM 1.26 

 
Table 5-2. Volumetric analysis of mutant kidney volumes assessed with MR imaging 

data and segmented with AMIRA. The second column presents the total 
volume of the kidneys (n = 12).  

MUTANT KIDNEY TOTAL VOL [mm3] 

MEAN 1307.61 
STD 181.37 
SEM 15.11 

 
Table 5-3. Volumetric analysis of wild-type liver assessed with MR imaging data and 

segmented with AMIRA. The first column of the table indicates the mean and 
standard deviation of total volume. The second column presents the volume 
of the bile ducts. The third column describes the ratio of the ductal volume to 
the total volume (n = 6).  

WILD-TYPE LIVER TOTAL VOL [mm3] DUCT VOL [mm3] RATIO [DV/TV] 

MEAN 519.1628 87.30204 0.168159 

STD 71.57074 8.479506 0.118478 
SEM   0.048368 

 
Table 5-4. Volumetric analysis of mutant liver assessed with MR imaging data and 

segmented with AMIRA. The first column of the table indicates the mean and 
standard deviation of total volume. The second column presents the volume 
of the bile ducts. The third column describes the ratio of the ductal volume to 
the total volume (n = 6).  

MUTANT TYPE LIVER TOTAL VOL [mm3] DUCT VOL [mm3] RATIO [DV/TV] 

MEAN 292.5488 34.97538 0.119554 

STD 119.4265 22.38971 0.187477 
SEM   0.076537 
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CHAPTER 6 
MR MICROSCOPY OF SKELETAL MUSCLE CELLS IN HEALTHY AND DYSTROPHIC 

DIAPHRAGM DISEASE MODEL MICE 

Introduction 

Another application of MRM lies in delineation of individual muscle fibers. Current 

MR microscopy methods should permit the visualization of single skeletal muscle cells. 

The diaphragm, a skeletal muscle, plays a larger role in muscle-related disease due to 

its ability to act as a biomarker of numerous diseases in preclinical trials and therapeutic 

interventions [118, 121, 123, 125, 126]. In the current study, special attention was paid 

to elucidate how observations of the  diaphragm using MRM can contribute to the 

treatment of muscle pathology— especially in relation to DMD (Duchenne Muscle 

Dystrophy)—and discuss how  emerging MRM technologies can  demarcate the onset 

and monitor the temporal progression of disease. Hopefully, these preliminary data will 

contribute to understanding the cellular changes associated with DMD and help lead to 

therapeutic treatments targeted for this and other diseases. What’s more, if such 

disease can be detected soon after alterations to cell structure take place—i.e. very 

early in the progression—damage could be prevented before severe diaphragm 

dysfunction occurs. First, given the significance of the diaphragm for the health of an 

organism, we will briefly review it in terms of its anatomy and physiology. We will also 

briefly discuss characteristics of the normal alongside the diseased diaphragm.  

Structure of Skeletal Muscle in the Diaphragm 

One of three recognized types of musculature i.e. skeletal muscle, smooth muscle, 

and heart muscle, the skeletal muscle is a highly organized bundle arrangement of 

anisotropic muscle fibers. It shares many characteristics with skeletal muscle and 

governs respiration. It physically separates the thoracic and abdominal cavity. It is 
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dome-shaped in the center and flat at the outer rim [118]. For the purpose of regulating 

breathing, the diaphragm creates pressure gradients by becoming shortened and flat. 

This conformational change expands the lower rib cage inflating both lungs. Since the 

diaphragm is a skeletal muscle, its components share anatomical features with limb 

muscles: both being continuous and flat. Its muscles are separated into three different 

parts: crural, sternal, and left and right hemidiaphragms [215, 216]. As shown in Figure 

6-1, its structural organization is characterized by the convergence of skeletal muscle 

into the central tendon, which is the innermost portion of the diaphragm that holds tight 

all of the interdigitized myofibers. Like all other limb muscles,  the mobility of the 

diaphragm is controlled by motor neurons, then the sensory fibers transmit the nerve 

pulses to the peripheral parts of the muscle from the lower sixor seven intercostal 

nerves [119, 215, 216].   

Duchenne Muscular Dystrophy, a Lethal Muscle Wasting Disease 

 Duchenne muscular dystrophy (DMD) is an X chromosome-linked muscle-eating 

or muscle-wasting disease which affects the diaphragm. It occurs in every one out of 

3000-3500 males. More specifically, the disease results from a mutation in a gene 

encoding the protein dystrophin [120, 121]. At approximately the age of three, a sudden 

onset of weakness in the skeletal muscle’s caused by faulty dystrophin in the skeletal 

muscle linking leads to weakness of the sarcolemma (Figure 6-2).  This causes the 

sarcolemma to become leaky, and permits Ca2+ to travel in and out of the membrane. In 

addition to muscle weakness, overload of Ca2+ in the sarcoplasmic reticulum or muscle 

fiber cytoplasm induces necrosis [122-125].Ongoing muscle fiber necrosis from 

inflammation—which is essential to healing— infiltration of T-lymphocytes, and 

replacement of muscle tissue with fibrous connective tissue accelerates the disease 
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progression. Clinical manifestations due to subsequent biochemical imbalance include 

walking disabilities, weakness in the respiratory system—especially the diaphragm—

and the cardiac muscle [152]. Recently, it has been reported that tissue destruction due 

to the weakness of dystrophin is not limited to the skeletal muscle but also affects the 

function of the central nervous system (CNS). These changes manifest in reductions in 

IQ level, dendritic abnormalities, and destruction of neurons in the CNS [126]. 

A Rat Model of the Disease, X-linked Muscular Dystrophy (MDX) 

From comparative biology, research on the aforementioned disease, DMD, has 

been carried out by employing mdx mice. These mice are genetically modified from the 

inbred C57BL strain established in the 1980s [127-129]. Even if the detailed 

characterization of the temporal progression of this disease in mice is beyond the scope 

of this paper, the significance of the temporally dynamic progresses of pathology can be 

appreciated and explained. In the presence of non-functional dystrophin, even from the 

post-natal day 1, the Z-lines get disorganized in a form of spreading or scattering out   

focal streaming of Z-lines. At approximately post-natal day 5, sparse necrotic muscle 

fibers have formed. Finally, at approximately post-natal day 21, the signs of necrosis in 

many muscles—including hind limb—are present [130]. Consequently at post-natal day 

21, myonecrosis can be investigated [127]. Based on the aforementioned observations, 

investigation into the dystropathology of mdx mice has gained popularity as a tool for 

testing therapeutic interventions of DMD disease [131-133]. Genetically modified (GM) 

mdx mice, like their human counterparts, show impairments in short-term memory 

formation and passive avoidance reflexes [126]. In spite of known variability due to age 

and sex [134], the two most popular muscle groups employed in research on muscle 

pathology are the limb muscles and diaphragm. 
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As discussed above, the mdx mouse model is known for having same pathological 

disease characteristics as humans suffering from DMD. In the current study, we have 

chosen to focus our analysis on the diaphragm rather than limb muscles. Unlike the limb 

muscle, the diaphragm develops more severe pathological manifestations and more 

closely reflects the anatomical and physiological deterioration of the muscles as seen 

in` DMD [135]. Recent progress in DMD research has been made possible by the 

development of the diaphragm strip preparation[136]. Thus, for observation of structural 

damages resulting from DMD disease progression, the diaphragm is the clear choice 

over skeletal muscle from the limbs.  

Imaging of a Single Muscle Cell 

Given the need for an excellent biomarker to detect anatomical, physiological, and 

pathological changes associated with DMD, the basic criteria should require the ability 

to assess conditions of the diaphragm accurately at the cellular level. As discussed 

above, the decrease in dystrophin levels leads to the formation of dystrophic myofibers. 

Impairments of muscle sarcolemma which occur as a result of exercise resulting in 

resealing or necrosis have been investigated well [137, 138]; however, the mechanisms 

starting from the initial sarcolemmal damage, subsequent combinations with 

inflammatory cells and cytokines, and the resultant myofiber necrosis associated with 

DMD have not been examined well. There are two approaches when examining the 

impairment of the muscle: either a macroscopic or microscopic analysis. Macroscopic 

monitoring of overall muscle damage has been utilized [139, 140], and microscopic 

investigation was carried out by employing Evans Blue Dye (EDB) labeling of proteins. 

Specifically, tracing EDB  allows us to monitor the disruption occurring inside the 

sarcoplasm of the myofibers, or to measure the distance along the cylindrical or spindle-
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shaped muscle fibers [139, 141]. It also allows us to estimate the degree of damage to 

myofibers by measuring the blood protein levels.  

It is MRI that utilizes the characteristics of magnetically-labeled spins’ to determine 

tissue characteristics in a non-invasive way. Unlike other methodology, e.g. histology, 

MRI can offer quantitative and qualitative measurements of the whole or parts of the 

body and even monitor the temporal changes of individual animals in vivo without 

sacrificing them, invasive disruption of tissue membranes, or dehydration process. 

Alternatively, when used in conjunction with the diaphragm strip preparation, 

endogenous contrast based on the density or movement of the magnetically labeled 

spins inside the deep tissue can be employed to investigate the degree of pathological 

destruction in vitro.  

Potential Contributions of MRM into the Monitoring and Treatment of DMD 

MRM is distinguishable from MRI only because they possess resolution below 100 

µm in two of three spatial dimensions. Conventional MRI could potentially be a useful 

tool for comparing normal and dystrophic muscles in mdx mice in vivo. By applying 

engineered contrast agents—such as albumin-targeted contrast agent to damaged 

cells—the degree of cellular damage can be successfully measured [142]. Furthermore, 

without the help of these toxic contrast agents, e.g. gadolinium, is possible to attain 

sufficient endogenous contrast to track disease progression [153]. However, in spite of 

its non-invasiveness, MRI is often limited in terms of resolution and sensitivity. However, 

with the advent of MRM employing state-of-the-art hardware such as high-field magnets 

and strong/fast-switching gradient coils, it has demonstrated its ability to attain image 

resolution at the micron scale. Through these technical advancements, MRM is able to 

monitor disease progression in individual mice, estimate the resources needed for 
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preclinical trials, and gauge the responses to the therapeutic treatments all without 

sacrificing research subjects or fundamentally altering tissue morphology through 

histological preparation.     

Limitations of Current Treatment Options for DMD and Potential Contributions of 
MRM to Therapeutic Treatments 

So far, there is no cure for DMD, but there are two treatment options to ameliorate 

the disease. One is to employ assistive devices—such as braces and wheelchairs for 

walking difficulties, and ventilators for breathing—and spinal fusion surgery for 

enhancement of quality of life through enhanced and maintained balance and correction 

of pelvic obliquity [217, 218]. The other commonly employed option is drug treatment. 

For example, corticosteroids or glucocorticoids are often used to retard the disease 

progression, i.e. reducing muscle degeneration and inflammation[143]. Such 

medications can offer relief to patients, but only alleviate the symptoms of DMD rather 

than cure the origin of the disease. These treatment options must be applied during the 

early stages of DMD, and have potential long-term side effects which might overshadow 

the potential benefits [144]. In addition to aforementioned two treatment options only to 

decelerate the disease progression, the newest and most innovative strategies to cure 

DMD has focused on the refurbishment of functional dystrophin gene and reducing 

inflammation associated with muscle necrosis for years. In the case of gene therapy, 

the biggest hurdle is recognition of the newly expressed dystrophin as foreign by the 

host immune system; therefore, immune suppression drugs are required to interrupt the 

immune response.  
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Methods 

Sample and Slice Preparation 

All mdx mice employed in this experiment were maintained and administered by a 

collaborator, Dr. Glenn Walter, at the University of Florida. All animal procedures were 

conducted in accordance with guidelines in the National Academies of Sciences’ Guide 

for the Care and Use of Laboratory Animals and were approved by the University of 

Florida IACUC.  The diaphragm was washed in PBS(137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, and 1.8mM KH2PO4: pH 7.4) to remove any remaining formaldehyde and 

sliced into sections. In order to obtain the slices used for surface coil imaging muscle 

samples were collected from areas adjoining the central tendon and the coastal margin. 

Magnetic Resonance Microscopy 

A single skeletal muscle cell (called as a myofiber or a muscle fiber) is a 

cylindrical, multinucleated cell made up of inter-digitized actin and myosin. These units 

are collectively organized into functional units called sarcomere. The bundling together 

of these units in skeletal muscle causes the striation pattern which distinguishes this 

tissue from smooth muscle.   

For deep tissue imaging with the RF micro-coils, excised tissue specimen was 

required. Healthy and diseased fixed diaphragms were washed in PBS overnight to 

remove as much formaldehyde as possible and were cut into rectangular blocks.. The 

thickness of the sections varied—depending upon the application—from 100 to 250 µm. 

Once the sample slides were collected, a sample possessing salient anatomical 

features was selected and tailored to fit through gross dissection into the 5mm diameter 

sample well with the aid of a dissecting microscope (OPMI 1-FC, Carl Zeiss). To make 

structural validation easier, landmarks such as cells or connective tissues were 
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sometimes required. As described in Chapter 2, to avoid leakage and sample 

dehydration, the well was sealed with PCR film (Figure 6-3). For the comparative 

analysis between healthy and dystrophic diaphragm muscles, MR images in both 

parallel and orthogonal to the striations in the diaphragm were acquired.  

Results 

MR Microscopy of Healthy and Dystrophic Diaphragm, and Microstructural 
Information in the Transverse Plane. 

Macroscopically, the control diaphragm was observed to be thicker and more 

brittle than its diseased counterpart. It displayed higher levels of bright brown 

pigmentation. However, following the destruction of the sarcolemma, the dystrophic 

diaphragm develops thinner and less compliant muscle fibers. Likewise, less 

pigmentation is observed due to scar tissue formation and the loss of mitochondria 

which contain ferrochrome: an iron-containing enzyme for transforming the covalent 

bonds of nutrients to ATP bonds.  

Skeletal muscle in the diaphragm whose muscle cells are embedded in connective 

tissue is shown in Figs. 6-4 and 6-5. There are packed so tightly together that even with 

high-resolution MRM images, it is difficult to resolve individual muscle cells in the 

healthy animal. However, as the DMD progresses, growth of fibrous connective tissue 

by infiltration of T lymphocytes drive individual muscle fibers further apart (Figure 6-6). 

DMD originated with the weakness of dystrophin protein—the faulty gene product of the 

DMD which connects the extracellular matrix (ECM) and intracellular cytoskeleton—

leading to instability of the sarcolemmal membrane and muscle fiber necrosis. In terms 

of MR techniques which magnetically tag hydrogen protons inside the water molecules, 

fenestration of water molecules through the membrane and water molecules pulled by 
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proteins yield higher T2-weighted signal rich in the connective tissue and vintage the 

movements of water molecules as the contrast (Figure 6-5). Due to pathological 

changes such as the weakness of skeletal muscle and dystrophic changes in the 

muscle cell membrane, muscle fibers in the diaphragm become interweaved, 

overlapped and split into branches monitored in T2 weighted and diffusion weighted 

images (Figures 6-6 and 6-7). Unlike the healthy tissue which possesses densely-

packed cells in a crowded environment, individual dystrophic muscle fiber was easier to 

visualize in the transverse plane. 

Above the b value of 1000 [s/mm2], since the signal from free water has been 

killed, only the water signal trapped or restricted by T-tubules or sarcoplasmic reticulum 

remains bright. By changing the directions of diffusion sensitizing gradients, here, 6 

directions at proper b-value of 600 s/mm2, the anisotropic nature of skeletal muscle 

architecture was examined in both healthy and dystrophic diaphragm (Figures 6-8 and 

6-9). Using alternate sample orientations, the individual muscle fibers  of dystrophic 

diaphragms were resolved using diffusion-weighted imaging (Figure 6-10). Here, the 

high isotropic resolution of MRM images, i.e. 9.3 µm, were acquired with 3D gradient 

echo imaging sequences which are highly sensitive to suscepbility effects (Figure 6-11). 

The images taken with the coil perpendicuar to the muscle fibers are illustrated (Figure 

6-12). Microscopic anatomy of the skeletal muscles in the diaphram is illustrated (Figure 

6-12). Even when employing the shortest  permissible TE to compensate for the rapid 

T2 signal loss, the delineation of individual muscle fibers was difficult. Such data 

demonstrate that the resolution is not the only factor to consider  when designing and 

refining an optimal pulse sequence. 
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MR Microscopy of Healthy and Dystrophic Diaphragm in the Coronal Plane. 

. As is shown in Figure 6-12, nuclei located at the periphery of skeletal muscle 

cells were visualized.  Interestingly, the structures presumed to be nuclei are located in 

the tissue regions nuclei would expect to inhabit: they are rich in areas adjoining muscle 

fibers and scant in the region of connective tissue scar (hyper-intense signal in the 

middle of the Figure 6-12C and D). In Figure 6-13, in addition to spin-spin relaxation 

contrast mechanism, additional MR contrast parameter to delineating the local water 

environment was excellently presented. By increasing the degree of diffusion-weighting 

above b = 1000 [s/mm2]) (Figure 6-13D through 6-13G), the signal of free bulk water 

exhibiting isotropic diffusion was reduced while the anisotropic nature of diffusion in the 

restricted environment remained hypo-intense.   

In the dystrophic diaphragm, the dystro-pathological conditions changed its 

anatomical structure. Specifically, as necrosis and edema occur with the infiltration of 

the inflammatory T-lymphocytes, the MR contrast parameters also changed 

dramatically. The diameter of the muscle fibers becomes thinner and torn as they 

approach the central tendon of the diaphragm in the region 1 in Figure 6-14A and 6-

14B. However, when the outer rim of the diaphragm was visualized, relatively intact and 

thicker muscle fibers were observed (Figure 6-14C). The area of the diaphragm closer 

to the central tendon demonstrates hyper-intense signal in part due to increased water 

restriction in its connective tissues following inflammation and scar- tissue formation 

(Figure 6-15B and C). Contrary to the inner rim of the diaphragm, the outer rim contains 

more muscle fibers. In addition, remnants of thin muscle fibers are embedded in the 

connective tissues (Figure 6-15D and 6-15E).  
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The cylindrical structures of the muscle fibers embedded in connective tissue are 

visualized (Figures 6-16 and 6-17). The water signal inside muscle fibers appears 

hyper-intense in 6-direction DTI acquisitions (Figure 6-16). Even with pathological 

modifications, the size and number of muscle fibers vary region by region throughout 

the diaphragm.  

Discussion 

MRM Imaging of the Healthy and Diseased Diaphragm 

Comparative research was carried out on normal and pathological mouse 

diaphragm. We investigated this particular model due it’s clinical relevance to Duchenne 

muscular dystrophy (DMD), which is a degenerative mutant disease originating from the 

loss of dystrophin. There is no known cure for DMD. This disease leads to difficulty in 

breathing and weakening of the heart and diaphragm. Our intent was to investigate the 

capability of MRM to distinguish between healthy and pathological tissue of the skeletal 

muscle system: specifically, the diaphragm (Figure 6-1). This structure consists of 

bundles of myofibers. Each fiber is a single, multinucleated muscle cell. The cell 

membrane of these fibers is called the sarcolemma. It is within this membranous 

structure that the pathology originates in muscular dystrophy. Examining the 

sarcolemma (Figure 6-2), we can see that, in a healthy muscle cell, there is a network of 

proteins that structurally tethers the internal cytoskeleton to the extracellular matrix of 

collagen.  These structures pass through and stabilize the sarcolemmal membrane. If 

any one of these proteins is absent or mis-folded, this complex fails to stabilize the 

membrane. What’s more, it becomes ripped by shear forces during normal muscle 

contraction. This loss of membrane integrity leads to necrosis of myofibers and 

subsequent rounds of damage and repair. Since the new fibers lack the functional 
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complex as well, this destructive and inflammatory cycle continues. Depending on the 

protein missing and muscle affected, one of the various forms of muscular dystrophy 

develops. Using high-resolution MRM with dedicated equipment, effects of the disease 

can be detected at the cellular level. We hope to extend this capability to monitor the 

progression of the disease from the earliest structural manifestations to the responses 

to treatment interventions.   

 When viewing the healthy diaphragm in the transverse plane (Figures 6-5 and 6-

6), even with the high in-plane resolution (15 µm) employed, the thickness of the slice 

(160 µm) resulted in excessive volume averaging. Even if the striation patterns were 

observed when viewing the tissue in the transverse plane, until viewing the tissue in the 

coronal plane these micro structures were not visible (Figure 6- 4 and Figure 6-12). 

From our six-direction diffusion tensor images, the complex structure of skeletal muscle 

system was not readily resolvable.  This could potentially be due to the crowded 

orientation of fiber bundles and a multitude of crossing, merging, and kissing fibers 

(Figures 6-8 and 6-9).  However, as the disease progresses, protein-rich scar tissue 

forms in individual muscle fibers (hypo-intense signal). To our knowledge, this was the 

first time such structures were delineated using MR technology. This is a noteworthy 

accomplishment because this was achieved without employing any exogenous 

chemical agents.   

Presumably, due to its rigid structural protein and packed myofibers, the inherent 

T2 signal was too short to detect using a standard MR imaging pulse sequences. In the 

coronal view, we were able to visualize the dysfunctional muscle fibers embedded in the 

loose connective tissue. The nuclei located on the edges of individual muscle fibers 
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were not seen adjoining scar tissue (hyper-intense signal). Figure 6-17 illustrates MR’s 

ability to see into the deep tissue layers of the diaphragm: free of any potentially 

hazardous chemical stains which could alter the properties of the tissue’s structure. 

Likewise, due to its non-invasive nature which allows for monitoring structural changes 

throughout disease progression, MRM may play an increasingly important role in 

monitoring the efficacy of therapeutic drug interventions and gene or stem-cell therapy.    

The dynamics and mechanism behind muscle length and force generation could 

also be explored. By investigating this process using the MR contrast parameters 

presented above, the earliest structural effects associated with this process might be 

monitored in a non-invasive way.  

Even if the etiology is not well known, scar tissue formation in DMD occurs as a 

result of muscle edema and compensatory hypertrophy followed by inflammatory 

response. During formation of the scar tissue, the diaphragm undergoes structural 

deformation due to myofiber remodeling and collagen deposition. This formation of 

protein-rich connective tissue results in restricted water diffusion from within the fibrous 

areas. These barriers to the water diffusion make hinder the diffusion exchange 

between cells and blood vessels necessary for tissue homeostasis resulting in delayed 

recovery. Such replacement of functional tissue with scar tissue ultimately leads to the 

weakening of respiratory system—due to degradation of the diaphragm—and cardiac 

muscle. Hopefully, this research will contribute to the development of a noninvasive 

methodology for tracking disease progression without the need for invasive tissue 

biopsy.   
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Conclusions 

In this preliminary study, by investigating the dystrophic diaphragm in a mdx 

mouse model, the potential capability of MRM to visualize changes associated with a 

devastating muscle-wasting disease which effects humans: DMD. This visualization was 

achieved without employing exogenous contrast agents of any kind, that is, images 

were generated using only endogenous contrast mechanisms. Such MRM images could 

clearly detect the degree of cellular and tissue damage by simple visual assessment. 

Still, even if the attainable resolution is much lower than imaging modalities such as 

light microscopy, by virtue of its non-invasive nature, MRM is poised to become 

increasingly important in delineating cellular structures deep inside tissues for 

diagnostic purposes in the clinic.  

 

 

 

 

 

 

 



 

194 

 
Figure 6-1. Schematic of the diaphragm. It consists of the central tendon(C) and 

surrounding skeletal muscle fibers (M). 
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Figure 6-2. Schematic of the muscle system. This is provided by Dr. Walter, professor at 
the university of florida. The architecture of the skeletal muscle consisting of: 
A) bundles of muscle fibers or myofibers. Each fiber is a single and 
multinucleated muscle cell. The cell membrane of these fibers is B) the 
sarcolemma which is stabilized by a network of proteins including dystrophin 
in C) muscle fiber. 

 

 

 
 



 

196 

 
 
Figure 6-3. Schematic of sample placement in the sample well. The diaphragm securely 

placed at the center of a micro surface-coil consisting of central tendon (c) 
surrounded by muscle fibers(m), the nylon mesh keep the sample from 
floating on the irrigating water surface, a plastic tip of NMR tube cap as a 
retention ring, and the PCR film seal tight the sample well.  
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Figure 6-4. T2-weighted MRM of the healthy diaphragm. MR scan parameters: TE = A) 
12.1 ms, B) 20 ms, C) 30 ms, D) 40 ms, E) 50 ms, resolution = 15 x 15 x 160 
µm3, NEX/AT = 30/2hr, BW = 50 kHz. Scale bar represents 500 µm.  
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Figure 6-5. Diffusion-weighted MRM of the healthy diaphragm. MR scan parameters: b-

value = A) 0 [s/mm2], B) 600 [s/mm2], C) 800 [s/mm2], D) 1000 [s/mm2], E) 
1300 [s/mm2], resolution = 15 x 15 x 160 µm3, NEX/AT = 30/2hr, BW = 50 
kHz. Scale bar represents 500 µm.  
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Figure 6-6. T2-weighted MRM of dystrophic diaphragm. MR scan parameters: TE = A) 
12.1 ms, B) 20 ms, C) 30 ms, D) 40 ms, resolution = 15 x 15 x 160 µm3, 
NEX/AT = 30/2hr, BW = 50 kHz. Scale bar represents 500 µm.  
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Figure 6-7. Diffusion weighted MRM of dystrophic diaphragm. MR parameters: b-value 

= A) 0 [s/mm2], B) 600 [s/mm2], C) 1000 [s/mm2], D) 1300 [s/mm2], resolution 
= 15 x 15 x 160 µm3, NEX/AT = 30/2hr, BW = 50 kHz. Scale bar represents 
500 µm.  
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Figure 6-8. Diffusion Tensor MRM of healthy diaphragm. A) b0 image. B) through D) 
Representative three out of six different diffusion weighted images along the 
directions of diffusion sensitizing gradient. Scan parameters: resolution=15 x 
15 x 100 µm3, NEX/AT = 30 / 2 hr, TR/TE = 17.5/2000 ms, b-value = 1750 
[s/mm2], BW = 50 kHz, Δ/δ = 8.35/2 ms. Scale bar represents 500 µm.   
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Figure 6-9. Diffusion Tensor MRM of diseased diaphragm A) b0 image. B) through D) 
Representative three out of six different directions of DTI images Scan 
parameters: resolution = 15 x 15 x 100 µm3, NEX/AT = 30/2hr, TR/TE = 
17.5/2000ms, b-value = 600 [s/mm2], BW = 50 kHz, Δ/δ = 8.35/2 ms. Scale 
bar represents 500 µm. 
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Figure 6-10. Representative 2D diffusion weighted MRM along sagittal orientation of 
dystrophic diaphragm. MRM scan parameters: b-value = 1000 [s/mm2]. 
resolution = 15 x 15 x 160 µm3, NEX/AT = 30/2hr, BW = 50 kHz. Scale bar 
represents 500 µm. 
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Figure 6-11. Four representative 3D MRM of the healthy diaphragm. MRM scan 

parameters: 3D gradient echo, isotropic resolution of 9.3 µm, TE/TR=2.1/300 
ms, NEX/AT=16/10hr 55m. Scale bar represents 500 µm. 
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Figure 6-12. Representative histology images and MRM of healthy diaphragm. A) and 

B) Histology images visualize the individual muscle fibers embedded in the 
connective tissue and deeply stained areas corresponding to the nuclei in the 
healthy model [158]. C) and D) T2-weighted MR images visualize delineation 
of intracellular structures in the muscle fibers, i.e., the individual muscle fibers 
and the nuclei (hypo-intense signal) around the periphery are visualized. MR 
parameters: 2D MSME, TE/TR = 18/2000 ms, resolution = 7.8 x 7.8 x 60 µm3, 
NEX/AT = 92/13hr 5min, BW = 101010 Hz. 
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Figure 6-13. Diffusion-weighted MRM of the transverse view of the dystrophic 

diaphragm. MRM scan parameters: b-value = A) 0 [s/mm2], B) 200 [s/mm2], 
C) 400[s/mm2], D) 800 [s/mm2], E) 1000 [s/mm2], F) 1750 [s/mm2], G) 3000 
[s/mm2], resolution = 15 x 15 x 160 µm3, TE/TR = 12.4/2000 ms, NEX/AT = 
30/2hr, BW = 50 kHz, Δ/δ = 4.32/1ms, NEX/AT = 30/2hr. Scale bar represents 
500 µm. 
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Figure 6-14. T2 weighted MRM of a diseased diaphragm region by region. A) Two 
different regions were designated along the longitudinal MRM. Of particular 
note is the different morphological manifestation between B) in proximity with 
the central tendon and C) distant region. MRM scan parameters: TE/TR = 
18/2000 ms, In-plane resolution = 7.8 x 7.8 µm2, Slice thickness = 60 µm, 
NEX/AT = 92/13hr 5min, BW = 101010 Hz. Scale bar represents 500 µm. 
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Figure 6-15. Diffusion-weighted MRM of a diseased diaphragm region by region. A) Two 
different regions, region I and region II, were designated on the longitudinal 
MRM. B) and C) Proximal region from the central tendon. D) and E) Distant 
from the central tendon. MRM scan parameters: B) and D) b= 1000 [s/mm2], 
C) and E) 1750 [s/mm2], resolution = 15 x 15 x 160 µm3, NEX/AT = 30/2hr. 
Scale bar represents 500 µm. 
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Figure 6-16. b0 and three representative images out of six diffusion-tensor MRM of a 
diseased diaphragm. MRM scan parameters: resolution = 15 x 15 x 160 µm3, 
A) NEX/AT = 30/2hr. B) through D) NEX/AT= 28/1hr 59min. A) b-value = 0, B) 
through D) b-value = 2000 [s/mm2]. Scale bar represents 500 µm.  
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Figure 6-17. Comparison of diaphragm in immunohistochemistry and MRM. A) 
Immunohistochemistry visualizes a cross-section of diaphragm muscle co-
reacted with antibodies to laminin (red), myosin heavy chain type I (blue) and 
myosin heavy chain type IIa (green). [159]. B) MR-stained image of 
dystrophic diaphragm. Scale bar represents 500 µm. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORKS 

Conclusions 

The goal of this dissertation is explorative studies about the volume- and mass-

limited biological samples such as isolated single cells in the invertebrate animals and 

single cellular compartments inside the mammalian tissues using micro surface-coils.  

To achieve the goal, three different schemes were utilized. First, through the 

employment of micro surface-coils which have highest sensitivity and bio-specificity, the 

investigation on their MR characteristics regarding biological tissues was carried out. It 

required different methodological schemes such as bisected and segmented models to 

enhance the accessibility to the core of the deep inside the cell models, e.g. motor 

neuron in Aplysia californica and frog ova. Secondly, the MR-stained deep tissue 

imaging was correlated with other imaging modalities such as histology to assess its 

validity.   

The overall well-known shortcomings of MR imaging are low sensitivity and 

resolution, and long acquisition times compared to other imaging modalities such as 

light microscopy. On the other hand, the advantages of MRI could be its capability in 

generating endogenous contrast in the tissue and controlling the contrast level. 

Moreover, unlike optical microscopy, its requirements of invasiveness in sample 

preparation are drastically low therefore the cellular structure inside the tissue keeps its 

integrity. Furthermore, through its ability of deep tissue penetration, it could localize the 

signal in the ROI anywhere in the tissue in free of light scattering, absorption or tissue 

autofluorescence which makes it a good candidate for possible collaboration with other 

imaging modalities.  
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In this work, while illustrating its superior capabilities to conventional volume coils 

such as 5 mm and 10 mm volume coils, the applications of MRM diffusion imaging were 

investigated into the water diffusion in the biological systems such as nucleoli (=nucleus 

of nucleus) in chapter 2, single cells in different living organisms, e.g. mice, rats, and 

human in chapter 3 and 4, striated medulla regions or proximal tubular cells in the 

kidneys and volumetric comparison between wild and mutant types of mice liver and 

kidneys in chapter 5, and single myofiber cell (=skeletal muscle fiber) whose potential 

anisotropy inside their architecture is worth to investigate, and anatomical changes in 

chapter 6. Even if the underlying causes for the restriction in the complex biological 

system are remained to be investigated, possible explanations are cell membranes, 

various organelles, water bounded to the macromolecules, compartments inside the 

cells, and fibers, and rearrangement of protein matrix or chain of nucleic acid in the 

process of fixation.   

The challenges in operating MRM were also considered. They are mostly related 

to the hardware and software in terms of the sensitivity and resolution. They are the 

more distinct the magnetic susceptibility between tissue components by the higher main 

magnetic field, the weaker signal strength due to reduction in voxel size in conjunction 

with higher resolution, the worse signal detection due to thermally-driven molecular 

Brownian motion and bandwidth-limited resolution, etc. Those issues could be 

maximally resolved from hardware point of view by employing fast switching and strong 

gradient and higher magnetic field up to 900 MHz and proper sized micro surface-coils 

with right filling factor and Helmholtz coils for wider coverage while keeping the same 
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SNR. Additionally from software point of view by developing optimized pulse sequences 

such as OGSE to minimize the diffusion effects and T2 effects could be a solution.  

By opening up a new window of imaging modality by combined efforts of dedicated 

hardware and software, MRM now could access its resolvability from body, organ, 

tissue down to the cellular level. By registering individual MR-resolvable compartments 

with histology which have been difficult with conventional volume coils or solenoidal 

coils due to low resolution and sensitivity, this research could contribute to set up a 

highly elaborated reference in the subcellular and cellular MR-registered information for 

more accurate interpretation of MR signals in clinical MR imaging.  

Future Works 

For future works, in combination with RF micro surface-coils with a perfusion 

chamber, the single Aplysia neuron could go through osmotic perturbation to monitor 

the physiological and pathological changes in the intracellular compartment at the high 

spatial and temporal resolution.  By keeping the viability in a long-term experiment, the 

triggering mechanism behind the reduction of ADC could be elucidated. As with the 

hypothesis behind reduction of ADC in cell swelling in the stroke, the investigation on 

the existence of another compartment in the intracellular domain or possible 

enhancement of restricted ADC in the glial cell layers could be monitored by this 

perturbation study. The fixation effects on the single cell could be estimated by 

comparing pre and post fixation, or by regulating doping concentration.   

By presence of interesting cellular organelle named liphochondria in the neuron of 

sea slug and known to be triggered by the light, this primitive animal might offer an hint 

about the temporal discrepancy between activation and diffusion of water. Alternatively, 

the investigation of location of osmolytes could improve more insight into the cellular 
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swelling in affiliation with compartmentation issues. If the glial cells react first to the 

osmolar changes by swelling themselves, it might offer a clue to the dynamics of cell 

swelling  in the CNS of mammalian where glial cells swell first at the onset of ischemic 

stroke [84, 85]. Furthermore, unlike this animal since the roles and location of osmolytes 

and the controller were divided in a mammalian, this could be also an good initiative to 

the another future works on the investigation on activation of neurons in the 

hypothalamus named supra optic nuclei (SON) triggered by osmolar changes and the 

neurotransmitter named antidiluric hormone (ADH) was delivered to the kidney in the 

mammalian animals. Last but not least, by regulating the calcium concentration, the 

single myofiber could be monitored its physiological changes or pathological 

manifestation in comparison with the diseased model, dystrophic diaphragm disease 

(DDD) by MRM. Throughout these studies described in this dissertation, the ultimate 

goal of this diagnostic tool is the aid in understanding the source of MR signal changes 

in pathological and physiological states and monitoring the therapeutic interventions in 

treating the diseases in human.   
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