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Diabetic retinopathy is the leading cause of blindness among diabetics. One of the 

primary concerns with this pathology is that it cannot be diagnosed in its early stages. 

This project aims to use magnetic resonance imaging to investigate techniques for early 

detection of the disease. Primary protocols were developed on healthy control animals 

to establish the feasibility of the proposed methods, followed by experiments on diabetic 

mice. For these studies, we used high angular resolution diffusion microscopy (HARDM) 

as a non-invasive tool to detect this disease at an early stage. A spatial resolution up to 

19 µm was achieved to visualize the organized structure within the retinal layers in 

healthy mice. In contrast to this, in diabetic animals, the integrity of the retina was found 

to be compromised. These findings were arrived at using image analysis, calculation of 

fractional anisotropy (FA), which is a unit describing organized structure within a region 

of interest, and statistical analysis. FA in the retina was observed to be markedly higher 

in healthy controls as compared to diabetic mice. A novel technique was developed, 

which uses the direction of eigenvectors in a region of interest to perform a quantitative 

analysis, thereby characterizing the extent of retinal disruption due to diabetic 
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retinopathy or other pathologies. These techniques have successfully been applied to 

track the repair of the retina in mice models of retinal disruption before and after stem 

cell treatment. Similar procedures along with novel cell tracking methods were applied 

to track the migration of endothelial progenitor cells (EPCs), which are essentially stem 

cells whose primary function is to repair damaged tissue. The tracking was 

accomplished by labeling the EPCs using magnetic iron oxide nanoparticles (MION) 

which is detectable in MRI. These studies aim to contribute towards early detection of 

retinal diseases using non-invasive diffusion MRI.
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CHAPTER 1 
INTRODUCTION 

Basic Principles of MRI 

This chapter contains an overview of some of the basic concepts and principles of 

Magnetic Resonance Imaging (MRI). Imaging applications based on these concepts 

have been used to acquire data for this dissertation. The chapter begins with the 

discovery of the phenomenon known as Nuclear Magnetic Resonance (NMR) by Felix 

Bloch, followed by some ground breaking contributions made by some of the pioneers 

in this field. The early innovations in the field of NMR physics led to the development of 

the first two dimensional image of biological tissue, thus introducing the term Magnetic 

Resonance Imaging. This was soon followed by the discovery that these concepts could 

be applied to differentiate between tissue types, as well as to detect differences 

between various pathological states of tissue. This formed the basis of using MRI in 

medicine. 

Nuclear Induction 

In 1946, Felix Bloch presented the basic properties of ‘Nuclear Induction’, now 

known as Nuclear Magnetic Resonance (Bloch, 1946). This phenomenon was 

discovered independently at the same time by Edward Purcell (Purcell et al., 1946). The 

motion of the hydrogen proton in an external magnetic field (B0) is like a spinning 

gyroscope (Haacke et al., 1999). The interaction of the proton’s spin with the magnetic 

field produces a torque, which causes it to precess about B0 (Figure 1-1). In the 

absence of an external magnetic field, the nuclei are aligned in random directions 

(Figure 1-2), but after the application of B0, the spins align either with or against B0. 

Spins that align along B0 are said to be in the parallel direction, and are in the low 
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energy state. Spins aligned opposite to B0 are known to be in the anti-parallel direction 

and are in the higher energy state (Mitchell and Cohen, 1999). The frequency with 

which the hydrogen nucleus oscillates in a magnetic field is its resonant frequency, 

known as the Larmor Frequency named after the British physicist, Sir Joseph Larmor 

(Oldendorf and Oldendorf, 1991). It is described by the Larmor Equation: 

ω0 =   B0               (1-1) 

where ω0 is the Larmor frequency,    is a proportionality constant called the 

gyromagnetic ratio, equal to 42.58 MHz/T for the hydrogen proton (1H), and B0 is the 

magnitude of the external magnetic field. 

According to Bloch, the collection of spins in a medium could be represented as 

a net nuclear magnetization (M). If the spins within M do not interact with each other, 

but only interact with the external magnetic field (B), then these spins will experience a 

torque given by the vector cross product ‘M X B’ (Elster and Burdette, 2001). He 

developed an equation which describes the relationship between these parameters. The 

resulting equation, known as the Bloch Equation is as follows: 

  

  
                                                       (1-2) 

where M is the net nuclear magnetization, B is the external magnetic field and when B = 

B0 is constant, this equation predicts that the motion of M will be a precession around B0 

with frequency ω0 (Figure 1-1).  

Along with Edward Purcell, Felix Bloch was able to measure magnetic resonance 

in solids and liquids. Both Bloch and Purcell received the Nobel Prize in 1952 for their 

discoveries which led to the birth of MR Spectroscopy.  
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In the early 70’s, Raymond Damadian demonstrated that the T1 relaxation times in 

tissue varies according to the type of tissue (Damadian, 1971).  Soon after, in 1973, 

Paul Lauterbur and Peter Mansfield produced the first 2-dimensional MR image 

(Lauterbur, 1973; Mansfield and Grannell, 1973). They received the Nobel Prize for this 

ground breaking discovery in 2003. Major developments in this field led to the term 

Magnetic Resonance Imaging (MRI) which is used widely today in disease diagnosis, 

drug discovery etc. 

Some of the important principles of MR Physics are discussed in this dissertation. 

Relaxation 

In the presence of an external magnetic field B0, the net magnetic moment or ‘net 

magnetization vector’ (NMV) is aligned along B0 (M0 = Mz) (Westbrook, C et al., 2005). 

This net magnetization of protons at equilibrium is called longitudinal magnetization. At 

this point, a 90˚ RF pulse with a frequency that matches the proton’s precessional 

frequency, flips the magnetization to the transverse plane (M0 = MXY). When the RF 

pulse is switched off, the NMV is again influenced by B0 and it tries to realign with B0. In 

order to do so, the hydrogen nuclei must lose the energy given to them by the RF pulse. 

The process by which hydrogen loses this energy is known as relaxation which results 

in two simultaneous, but independent processes - the recovery of magnetization in the 

longitudinal plane and the decay of magnetization in the transverse plane. The recovery 

of longitudinal magnetization is caused by a process called T1 recovery. The decay of 

transverse magnetization is caused by a process termed as T2 decay. These form the 

basis for detecting contrast in tissue.   



 

21 

T1 recovery 

 T1 recovery is caused by the nuclei giving up their energy to the surrounding 

environment or lattice, and it is termed as spin lattice relaxation. Energy released to the 

surrounding lattice causes the magnetic moments of nuclei to recover their longitudinal 

magnetization. This rate of recovery is an exponential process, with a recovery time 

constant called the T1 relaxation time. This is explained in detail in the following 

paragraph. 

The net magnetization of protons at equilibrium is called longitudinal 

magnetization, which is oriented in the same direction as the external magnetic field 

(M0= MZ). At this point, a 90˚ RF pulse with a frequency that matches the proton’s 

precessional frequency, flips the magnetization to the transverse plane (M0 = MXY). 

The time taken for the recovery of the longitudinal magnetization is known as 

longitudinal relaxation. The approach to the equilibrium magnetization state is initially 

rapid but slows as the overall system comes close to its balanced state. The rate at 

which a medium approaches its equilibrium is determined by a time constant known as 

its T1 which is characteristic of the tissue at the given field strength. The recovery is 

exponential and T1 is the time required for the z component of M to return to about 63% 

of its original value following an excitation pulse (Figure 1-3). The rate of recovery is the 

inverse of the T1 time (1/T1). This concept can be described by the equation: 

  ( )    (        )          (1-3) 

M0 is the equilibrium magnetization and is fixed by the strength of the magnetic field. By 

convention, the direction of the external magnetic field is along the Z-axis. Mz is equal to 

M0 multiplied by a factor that depends on time (t) and the constant T1.  
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T2 decay 

T2 decay is caused by nuclei exchanging energy with their neighboring nuclei. The 

energy exchange is caused by the magnetic fields of each nucleus interacting with its 

neighboring spins and is hence as termed spin-spin relaxation. This results in the 

exponential decay or loss of transverse magnetization following the 90° RF pulse. The 

time taken for the transverse magnetization to decay to 37% of its original value is 

known as the T2 relaxation time of the tissue (Figure 1-4). The decay curve shown in 

the figure is described by the equation: 

   ( )     
          (1-4) 

If T2 is short, the MR signal decays rapidly, and if T2 is long, the MR signal decays 

slowly. 

T2* decay 

As the magnitude of transverse magnetization decreases, so does the magnitude 

of the voltage induced in the receiver coil. The induction of the reduced signal is called 

the free induction decay (FID) signal. T2* decay is the decay of the FID following the RF 

excitation pulse. This decay is faster than the T2 decay since it is a combination of two 

effects – the T2 decay itself as well as the dephasing of spins due to magnetic field 

inhomogeneities, which are areas within the magnetic field that do not exactly match the 

external field strength. The Larmor frequency of a nucleus is proportional to the 

magnetic field strength it experiences. So if a nucleus lies in an area of inhomogeneity 

with a higher field strength, the precessional frequency of the nucleus increases. 

Conversely, if a nucleus experiences a lower field strength, the precessional frequency 

of the nucleus decreases. This relative acceleration and deceleration, as a result of 
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magnetic field inhomogeneities and differences in the precessional frequency causes 

immediate dephasing of the NMV and produces a FID as shown in Figure 1-5. This 

dephasing is predominantly responsible for the exponential T2* decay.  

Basic Pulse Timing Parameters 

A pulse sequence consists of a combination of RF pulses, signals and periods of 

recovery. The main two timing parameters discussed here are repetition time (TR) and 

echo time (TE).  

Repetition Time (TR) 

This is the time from the application of one excitation RF pulse to the next RF 

pulse for each slice.  The TR determines the amount of T1 relaxation that is allowed to 

occur from one RF pulse to the next.  

Echo Time (TE) 

This is the time from the application of the RF pulse to the peak of the signal 

induced in the coil. The TE determines how much decay of the transverse 

magnetization is allowed to occur. The TE thus controls the amount of T2 relaxation that 

has occurred when the signal is read.  

Image Weighting and Contrast 

Contrast Mechanisms 

Image contrast is mainly obtained through the mechanisms of T1 recovery, T2 

decay and proton density. The proton density (PD) of a tissue is the number of protons 

per unit volume of the tissue. The higher the PD, the more signal is available from that 

tissue. For example, the PD of the lungs is much lesser than the PD of the pelvic region. 

Therefore, the lungs appear dark as compared to the pelvic region since less signal is 

available. 
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T1 and T2 relaxation depend on certain factors. The type of molecular packing of 

the tissue is one such factor. Tissues with closely spaced molecules exchange energy 

more efficiently with hydrogen nuclei and vice versa. This is especially important in T2 

relaxation processes. Another important factor is the match of the ‘molecular tumbling 

rate’ with the Larmor frequency. The molecular tumbling rate is the rate at which a 

molecule moves, and which governs the T1 and T2 relaxation times of a particular 

tissue. Tumbling rates close to the Larmor frequency will produce a short T1. Tumbling 

rates both longer and shorter than this increases the T1 value. T2 is more or less 

directly proportional to the molecular tumbling rate (Liney, 2005). The relationship 

between T1 or T2 and the molecular tumbling rate is shown in Figure 1-6 (Elster and 

Burdette, 2001).The potential energy of the protons in the tissue also plays an important 

role. This potential energy can be in the form of thermal energy within the protons. 

Tissue with low energy is more capable of absorbing energy from hydrogen nuclei and 

vice versa. This is especially important in T1 relaxation processes. 

Different types of tissue generate different tissue contrast. In order to understand 

the mechanisms which govern contrast, the two extremes in contrast discussed here 

are fat and water.  

T1 Contrast and Weighting 

Fat has low inherent energy and can therefore absorb energy more easily into its 

lattice. To be efficient at T1 relaxation, the molecule must be precessing near the 

Larmor frequency. Fat molecules are closely packed together and their molecular 

tumbling rate matches the Larmor frequency. Therefore the energy exchange from 

hydrogen nuclei to the surrounding lattice is efficient. This means that the NMV of fat 

realigns quickly with B0 and hence the T1 time of fat is short.  
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In the case of water, the situation is quite the opposite. Water has high inherent 

energy and is therefore unable to absorb energy easily into its lattice. The mobility of 

water molecules is high and they are spaced apart. Their molecular tumbling rate is 

relatively fast and does not match the Larmor frequency. This leads to inefficient energy 

exchange from hydrogen nuclei to the surrounding lattice. This means that the NMV of 

water realigns slowly with B0 and hence the T1 time of water is long.  

In a T1 weighted image, the contrast depends on the differences in the T1 times 

between fat and water (and all other tissues with intermediate signal). The TR must be 

short enough so that neither fat nor water has had sufficient time to fully return to B0. 

Hence for T1 weighting, the TR must be short (Figure 1-7). 

T2 Contrast and Weighting  

T2 decay occurs due to the dephasing of spins caused by the interaction of 

neighboring spins. As stated earlier, fat molecules are closely packed together and their 

molecular tumbling rate matches the Larmor frequency. Hence the energy exchange is 

efficient, causing spins to dephase quickly and the loss of transverse magnetization is 

rapid. Therefore, the T2 time of fat is short. The energy exchange in water is less 

efficient because of the loosely spaced molecules along with the fact that the molecular 

tumbling rate does not match the Larmor frequency. Due to this, the loss of transverse 

magnetization is gradual and the T2 time of water is therefore long.  

As the transverse magnetization decays faster in fat compared to water, water 

appears bright on a T2 contrast image. In T2 weighted images, the difference in 

contrast depends on the differences between the T2 times of different tissue types. TE 

must be long enough to allow sufficient time to decay. If it is too short, then there will be 
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a very small difference in contrast. Therefore for T2 weighting, the TE must be long 

(Figure 1-8). 

Proton Density Contrast and Weighting 

A proton density image is one where the difference in the numbers of protons per 

unit volume is the main contributing factor in forming image contrast (Brown and 

Semelka, 2003). Hence to achieve proton density weighting, the effects of T1 and T2 

contrast must be diminished. A long TR allows both fat and water to fully recover their 

longitudinal magnetization, thus diminishing T1 weighting. A short TE does not give 

enough time for the transverse magnetization to decay in either fat or water, thus 

diminishing T2 weighting. Therefore an image with a long TR and short TE produces a 

proton density image where the inherent proton density is the main factor contributing to 

tissue contrast.  

Image Quality and Trade-offs 

The quality of an image is determined by various factors, some of which are 

explained below. Altering one may affect one or more factors, ultimately affecting image 

quality. So in order to optimize image quality, it is crucial to be aware of the associated 

trade-offs involved. The main considerations determining image quality are signal to 

noise ratio (SNR), spatial resolution and scan time. 

Signal to Noise Ratio (SNR) 

Noise is random and occurs at all frequencies. The signal is acquired at specific 

time points. The SNR depends on the following factors: 

 Magnetic field strength 

 Proton Density 

 Voxel Volume 

 TR, TE and flip angle 

 Number of Averages 
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 Receive bandwidth 

 Coil type 
 

Magnetic field strength 

If the magnetic field strength is high, more number of protons align parallel to B0 

thereby increasing the energy gap between the high and low energy states of the 

protons. Due to this, the NMV increases in size and as a result, there is more 

magnetization available, which means that there is more signal. Hence SNR increases 

with magnetic field strength. 

Proton density 

As the number of protons in an area of interest increases, so does the signal. This 

is why the SNR in the lungs for example (an area of low PD), is much lesser than the 

SNR of say, the brain.  

Voxel volume 

A voxel is the product of pixel area and the slice thickness. A large voxel obviously 

contains more spins than a smaller voxel and hence has a higher SNR. For example, if 

the pixel dimensions cannot be changed in order to maintain 2D spatial resolution (to be 

discussed later), then a thicker slice can contribute more signal than a thinner slice.  

TR, TE and flip angle (θ) 

A long TR allows more recovery of the longitudinal magnetization so that more 

spins are available to be flipped in the next excitation pulse.  

The TE controls the amount of transverse magnetization that is allowed to decay 

before an echo is collected. A longer TE ensures that less transverse magnetization is 

available to be rephased to produce an echo. Hence SNR and TE are inversely related. 
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The flip angle controls the amount of transverse magnetization that is created to 

induce the signal. Figure 1-9 illustrates how using a larger flip angle increases the 

transverse component of the signal, and consequently, the SNR. A 90˚ flip angle 

creates maximum signal.  

Number of averages (NA) 

This is the number of times data is collected in each slice. Data contains both 

signal and noise, but noise being random in space and time, may be in a different 

position during each acquisition. Signal, however, is not random and occurs at the same 

place when it is collected. Doubling the NA does not double the SNR because noise is 

also involved. Doubling the NA increases the SNR by a factor of √2 (or 1.4). A higher 

NA obviously results in longer scan times.  

Receive bandwidth (BW) 

The range of frequencies sampled during the application of the readout gradient is 

known as the receive bandwidth (BW) or BWread. BWread determines the range or 

number of frequencies to digitize during readout. The frequency matrix determines the 

number of data points (Nread) collected during readout. The echo is centered in the 

middle of the readout window.  

There is also a relationship between SNR, BW and spatial resolution (spatial 

resolution will be discussed in detail in a later section in this chapter) which can be 

described mathematically as follows: 

According to Nyquist, the noise in a conductor or biological tissue is given by, 

  √             (1-5) 

 

where k is the Boltzmann constant, T is the absolute temperature of the conductor, R is 
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the resistance and BW is the frequency bandwidth in Hz. BW is the only parameter that 

can be controlled.  

The relationship between the BW, sampling time or acquisition time (AT) and 

number of data points is given as: 

   
                     

                 (  )
            (1-6) 

Also, the acquisition time-step increment Δt = acquisition time (AT)/number of data 

points. So equation 1-6 can also be written as: 

   
 

  
         (1-7) 

Noise is equally distributed over the bandwidth and is also equally divided among 

Nread and Nphase data points (for 2D images). 

  

     
 

  

           
 

 

             
     (1-8) 

For these equations, we will denote FOVread and FOVphase as Lread and Lphase 

respectively and the resolutions in the corresponding directions as ΔLread and ΔLphase 

respectively.  

Since the signal,                       , the measured SNR in a voxel can be 

given as, 
 

    
 

 
                     √               (1-9) 

Therefore at a constant resolution, the SNR is optimal when the BW is set to a 

minimum, i.e. maximum Δt. 

When the signal is acquired Nacq times, the signal is directly proportional to the 

number of averages, but the noise increases as the square root of the number of 

averages. Hence the resulting SNR is given by, 
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                        √                    (1-10) 

Figure 1-10 explains practically how less noise can be sampled if the receive 

bandwidth is reduced. Given all these factors, this action must be taken with caution 

because reducing the BW increases the minimum TE. For example, let us consider a 

BWread of 32 kHz with a sampling time of 8 ms used to acquire a frequency matrix of 

256. If the BWread is halved to 16 kHz, then to maintain a frequency matrix of 256 (or in 

other words, to maintain spatial resolution), the sampling time must be increased to 16 

ms. Since the TE increases with the sampling time, the minimum TE thus increases if 

BW is reduced. 

Coil type 

The type of coil used affects the amount of signal received, and therefore the 

SNR. It is essential that the volume of tissue to be imaged fills the sensitive volume of 

the coil. For example, using a large coil may cause aliasing due to signal being 

produced from outside the field of view (FOV). A quadrature coil increases SNR 

because signal is received using two coils. A surface coil positioned correctly can 

maximize signal. Maximum signal from a surface coil can be obtained if the coil is 

positioned perpendicular to B0.  

Spatial Resolution 

Spatial resolution is the ability to distinguish between two points in an image as 

separate and distinct. This depends on voxel size, which in turn depends on slice 

thickness, matrix size and FOV. 

A thinner slice thickness increases the ability to resolve small structures in the 

through plane or slice select plane and therefore increases spatial resolution. Thicker 
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slices also cause undesirable partial voluming, in which case the voxel contains two 

different tissues and therefore possesses a signal average of both tissues. However, 

thinner slices reduce the SNR as discussed earlier. 

The matrix size determines the number of pixels in the image. A larger matrix size 

equates to finer pixels which increase spatial resolution. 

The FOV along with the matrix size determines the pixel dimensions, which gives 

us the spatial resolution. Smaller pixel dimensions mean a better spatial resolution. The 

relationship is given as: 

                   
   

           
    (1-11) 

Scan Time 

The scan time is the time required to complete the data acquisition. It is mainly 

affected by the TR, phase matrix (or number of phase encodings) and number of 

averages. The scan time can be calculated by the product of these three parameters 

(TR • Nphase • NA) for 2D imaging. For 3D imaging, the number of encodings in the slice 

select gradient must also be included. Hence the total scan time can be calculated by 

TR • Nphase • NA • Nslice. 

TR being the time of each repetition, therefore increasing it, will increase the total 

scan time.  

The phase matrix is the number of phase encodings, which determines the 

number of lines of K space that are filled to complete a scan. For example, if the phase 

matrix is 128, it means that TR is applied 128 times to fill 128 lines in K space. By 

increasing the phase matrix to 256, the scan time is doubled because now TR must 

repeat 256 times. 
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Trade-offs 

Ideally an image must have high SNR, good spatial resolution and a short scan 

time. But it is obvious that there are many trade-offs involved when optimizing image 

quality. Some parameters are often compromised in favor of another depending on the 

requirement of the study. Some of these factors have been discussed in the preceding 

sections of this chapter. A summary of these factors may be found in Tables 1-1 and 1-

2. Table 1-1 provides the result of optimizing image quality, while Table 1-2 lists an in-

depth summary of the parameters and their associated tradeoffs.  

Image Artifacts 

MR images often contain artifacts, many of which cannot be eliminated altogether. 

But they may be reduced by making certain adjustments. Some of the common image 

artifacts in MRI and their remedies are discussed below. 

Ghosting 

Ghosting or phase mismapping is caused by motion along the phase encoding 

direction. Common reasons for this motion are patient movement or sample vibration. 

The reason for the artifact being in this direction is because the phase encoding 

gradient has a different amplitude in every TR while the frequency and slice select 

gradients have a constant amplitude. Therefore as the anatomy moves during the scan, 

it is misplaced in the phase encoding direction as the phase gradient changes. For 

example, if the chest area is being imaged, the chest wall is located at a particular 

location during inspiration, but may have moved to another location during the next 

phase encoding at expiration. Therefore the same part of the anatomy will have two 

different phase values, leading to mismapping. 
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One of the methods to reduce this artifact is to swap the phase and frequency 

encoding directions so that the movement is in the frequency encoding direction. Gating 

techniques may also help reduce this artifact. In cardiac gating for example, the 

excitation pulse is coordinated with the R wave of the systole. Therefore each 

acquisition is acquired at the same phase of the cardiac cycle, thus reducing phase 

mismapping.  

Aliasing 

 Aliasing or wrap around is produced when anatomy outside the FOV is mapped 

inside the FOV. Sometimes signal from nearby anatomy which is outside the FOV is 

picked up by the receiver coil. If the data is under-sampled, the signal is mismapped 

inside the FOV instead of outside. This artifact may occur in both the frequency as well 

as the phase encoding directions.  

Frequency wrap 

Frequency wrap is aliasing along the frequency direction. It is caused by 

undersampling of frequencies. According to the Nyquist theorem, frequencies must be 

mapped at least twice per cycle for correct mapping (Figure 1-11A). If frequencies are 

under-sampled as shown in Figure 1-11B and 1-11C, then the signal is misinterpreted 

as being at the wrong frequency. This may cause signals from outside the FOV to be 

mistaken for signals inside the FOV and consequently showing up in the image. 

One way to fix this is to increase the sampling rate, but this may increase noise. 

Frequency filters are often applied which filter out frequencies outside the FOV. Another 

remedy is to increase the FOV which will encompass the entire signal produced, but this 

results in loss of spatial resolution. Using surface coils instead of volume coils may help 
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reduce aliasing as size of the coil and good placement can ensure that signal outside 

the FOV is not acquired. 

Phase wrap 

Aliasing along the phase direction of the image is known as phase wrap. Any 

signal is allocated a phase value depending upon its position along the phase axis (from 

0˚ to 360˚). Figure 1-12 shows the different phases along the phase encode direction 

denoted by arrows. This phase curve is repeated on both sides of the FOV. Phase 

values outside the FOV with the corresponding phase values inside the FOV (shown by 

red arrows) are sometimes mapped into the FOV resulting in a phase wrap. 

Anti-aliasing along the phase axis is achieved by doubling the FOV in the phase 

encode direction, while also doubling the number of phase-encoding steps (to maintain 

spatial resolution). However, this may result in increased scan times, and may be 

compensated for by reducing the number of averages. 

Gibbs Artifact 

Gibbs artifact is also known as truncation artifact or ringing artifact. It produces 

banding patterns near the edge of an image (high contrast interfaces).  

Fourier transforms are used in order to reconstruct MR signals into an image. 

Theoretically, any signal can be represented as an infinite summation of sine waves of 

different amplitudes, phases and frequencies (Elster and Burdette, 2001). In MR 

imaging, however, we are restricted to sampling a finite number of frequencies and 

must therefore approximate the image by using relatively few harmonics in its Fourier 

representation. The Fourier series then is cut short or truncated, hence the name. 

Figure 1-13 shows how using fewer harmonics produces oscillations at the edge of a 
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square waveform. These oscillations are a result of truncating or under-representing the 

Fourier series due to less number of samples being measured.  

Truncation artifacts may occur in both the frequency as well as the phase 

encoding direction, but since the phase matrix is often reduced in order to reduce scan 

times, the truncation artifact is usually seen in this direction. In order to reduce this 

artifact, undersampling of data must be avoided by increasing the number of encoding 

steps. 

Moiré Fringes 

This artifact is characterized by a circular banding pattern superimposed on to the 

image. It is most commonly observed in gradient echo images. This is caused due to 

aliasing of signals with alternating phases.   

A common way to avoid this artifact is to use spin echo pulse sequences.  

Chemical Shift Artifact 

Chemical shift artifact produces a dark edge at the interface between fat and 

water. It occurs along the frequency encoding axis.  

Fat precesses at a lower frequency than water. The difference in their 

precessional frequencies at 1.5 T is 220 Hz. This difference increases at higher field 

strengths and leads to the artifact known as chemical shift, expressed in parts per 

million (ppm). The value of the chemical shift is the same in any magnetic field strength. 

The magnitude of the fat–water shift artifact can be determined by knowing the 

receiver bandwidth, the number of pixels in the frequency-encoding direction and the 

inherent difference between fat and water resonance (220 Hz at 1.5 T). In Figure 1-14, 

consider a bandwidth of 32 kHZ and a matrix of 256. This means that each pixel has an 

individual frequency range of 125 Hz (32 kHz/256). Therefore fat and water protons 



 

36 

adjacent to each other are mapped 1.76 pixels apart (220/125). Now if the bandwidth is 

reduced to 16 kHz, then each pixel can accommodate only 62.5 Hz (16 kHz/256). 

Therefore adjacent fat and water protons will be mapped 3.52 pixels apart (220/62.5). 

Alternately, if the BW is kept constant, but the magnetic field strength increases, the 

difference in precessional frequencies between fat and water also increases. This leads 

to fat and water being mapped further apart than in lower field strengths. 

Chemical shift artifact can be reduced by using a wide receive bandwidth and 

small FOV. The tradeoff on SNR in this case must be considered. At higher field 

strengths where there are significant chemical shift artifacts, chemical saturation 

techniques are used to saturate out signal from fat or water. By doing so, either fat or 

water is nulled and chemical shift artifact is eliminated. 

Zipper Artifact 

A Zipper artifact appears as a dense line or a zip-like artifact across the image in 

the frequency-encoding direction caused by RF interference. This is caused by a leak in 

RF shielding. It can be reduced by electric screening to reduce leaks in the RF 

shielding.  

Magnetic Susceptibility Artifact 

Magnetic susceptibility artifacts are distortions in the image or signal voids at 

certain areas generally caused by the presence of metal objects or magnetic particles in 

the imaging volume. It may also be caused by differences in susceptibility between 

certain tissues themselves, for example, air-tissue interfaces.  

This artifact can be reduced by several methods depending on the cause of the 

artifact. All metal objects must be removed. Using spin echo sequences is an effective 

technique as the 180˚ refocusing pulse is effective at compensating for phase 
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differences. Also, using a short TE reduces this artifact because it allows less time for 

dephasing between tissues with susceptibility differences. 

Basic Pulse Sequences 

Spin Echo 

In order to counter the issue of the decaying signal due to magnetic field 

inhomogeneities, the concept of the ‘spin echo’ was developed by Erwin Hahn in 1950 

(Hahn, 1950).  Spin echoes are sometimes still referred to as “Hahn spin echoes”. The 

Hahn Spin Echo technique consists of a 90˚ flip angle followed by a 180˚ flip separated 

by a delay ‘τ’. This sequence was used for the measurement of T2 values.  It is possible 

to measure T2 since spin echo techniques compensate for local inhomogeneities of the 

static magnetic field. The mechanism of this technique is illustrated in Figure 1-15. The 

90˚ RF pulse flips the magnetization in the x-y plane (Figure 1-15, 1) when all the spins 

are in phase. Over time, the spins begin to dephase (Figure 1-15, 2). At this point 

(Figure 1-15, 3), a 180˚ refocusing pulse is applied, rotating all of the spins around the 

same axis. Due to this, the faster spins are now placed behind compared to the slower 

spins. The faster spins now continue to precess more rapidly than the slower spins and 

soon all the spins rephase to form the spin echo (Figure 1-15, 4).  

A typical 2D spin echo pulse sequence with one refocusing pulse is illustrated in 

Figure 1-16. The first line (RF) describes the sequence of radio frequency pulses (90˚ 

and 180˚). GSS describes the timing of the slice select gradient. GPE indicates the 

multiple phases of varying strengths of the phase encoding gradient. GR is the ‘readout’ 

or ‘frequency encode’ gradient. The last line of the pulse sequence is where the final 

signal is acquired. The ADC stands for ‘analog to digital converter’, and this is when the 

analog signal is converted to a digital value.   
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Gradient Echo 

Gradient echo pulse sequences use a variable flip angle (usually less than 90˚). A 

small flip angle partially flips the longitudinal magnetization into the transverse plane, 

and a smaller transverse magnetization is generated (less than what would have been 

created using a 90˚ flip angle). Hence shorter repetition times and, consequently, 

shorter scan times can be used. After the RF pulse is withdrawn, the FID signal decays 

rapidly due to T2* dephasing. Instead of a 180˚ RF pulse as in the case of a spin echo 

sequence, a gradient is used to rephase the FID. The frequency encoding gradient is 

used for this purpose, and it is initially applied negatively to speed up the dephasing of 

the FID, and then its polarity is reversed, thereby rephasing the spins.  

Diffusion MRI 

Diffusion 

Diffusion occurs as a result of the constant movement of water molecules caused 

by collisions with surrounding molecules (Moritani et al, 2005). This motion, known as 

Brownian motion, was named after the nineteenth century botanist, Robert Brown, who 

had first observed this phenomenon in 1827 (Brown, 1828). For example, when a drop 

of ink falls into a still container of water, initially the ink will be concentrated in a small 

volume of water, but soon the ink mixes (diffuses) with the rest of the water. The 

molecules are free to diffuse in any direction as they are not restricted by boundaries. In 

this case, diffusion may be equal in all directions and is therefore known as isotropic 

diffusion (Figure 1-17 A). However, in a biological medium like the human body for 

example, this motion is restricted by boundaries such as membranes, macromolecules, 

ligaments etc. Sometimes this diffusion can be directional, depending on the tissue 

structure, or in other words, may have a preferential direction of diffusion, and is hence 
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termed as anisotropic diffusion (Figure 1-17B). For example, diffusion in the central 

nervous system is preferential because diffusion tends to occur along the direction of 

the nerve fibers. The diffusion perpendicular to the axon is minimal. The net 

displacement of molecules is known as the apparent diffusion coefficient (ADC). The 

measurement of diffusion can be performed using a pulse sequence containing two 

magnetic field gradients on either side of the 180° refocusing pulse. These magnetic 

field gradients of certain duration add a smaller magnetic field to spins located in 

different regions within the tissue. By applying another gradient after the 180° 

refocusing pulse, information is obtained about how much the spins have moved 

(diffused) during this time. Stationary spins will acquire no net phase change, while 

moving spins acquire a phase change which results in loss of signal. This is explained 

in detail in the following paragraphs. 

Diffusion Weighted Imaging (DWI) 

The Stejskal-Tanner pulse sequence which was originally used for NMR 

spectroscopy, soon became the hallmark of diffusion imaging studies worldwide 

(Stejskal and Tanner, 1965). Figure 1-18 depicts this sequence where the diffusion 

gradients are applied symmetrically before and after the 180˚ refocusing pulse. Figure 

1-19 depicts how these gradients are used to magnetically ‘label’ the spins carried by 

diffusing molecules, thus the signal is ‘diffusion weighted’ (Mori, 2007). The first gradient 

dephases the spins, while the second gradient rephases these spins after a specific 

time period (Δ). The spins that remain in the same spatial location rephase completely, 

whereas spins that moved along the direction of the field gradient are rephased to 

different extents. In other words, spins which move (due to diffusion) along the direction 

of the applied diffusion gradients will acquire phase changes which are not reversed. As 
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a result, intravoxel dephasing occurs, causing loss of signal. Thus, the NMR signal 

intensity is attenuated relative to molecular diffusion. The amount of signal attenuation 

also depends on the strength (G), the time period (Δ) and duration (δ) of the magnetic 

field gradients. 

The signal (S) in a voxel is determined using the equation: 

  S = S0 e-bD       (1-12)  

where S is the diffusion weighted signal, S0 is the signal without diffusion effects, b is 

the b-value (a factor summarizing the gradient strength and timing parameters) and D is 

the diffusion coefficient. The relationship of the b-value with the gradient strength and 

timing parameters involved in acquiring the diffusion weighted image is given as follows: 

b   γ2 G2 δ2 (Δ – 
 

 
 )              (1-13) 

where γ
 
= standard gyromagnetic ratio, G

 
= strength of the diffusion gradient,

 
δ = 

duration of each gradient, and 
 
Δ = time interval separating the pair of diffusion 

gradients. [Δ – (   )   is the effective diffusion weighting time. These parameters are 

illustrated in Figure 1-13. Varying the above mentioned parameters will change the b-

value. A higher b-value results in higher diffusion weighting, which is often required 

depending on the application. However, the tradeoff is that as diffusion weighting 

increases, the signal decreases. Hence certain factors need to be considered while 

choosing the correct b-value. 

Diffusion Tensor Imaging (DTI) 

Diffusion tensor imaging (DTI) is a technique that enables the measurement of the 

restricted diffusion of water in tissue. 
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Tensor model  

Anisotropic diffusion is mathematically described using a geometric quantity 

known as a diffusion ‘tensor’ (Figure 1-20). It is visualized as an ellipsoid which has 

three tensor eigenvectors V1, V2 and V3 (LeBihan et al., 2001) . The shape of the tensor 

ellipsoid is determined by the corresponding tensor eigenvalues λ1, λ2 and λ3. The major 

axis of this tensor is aligned along the primary eigenvalue (λ1) which is also the direction 

of fastest diffusion. λ2 and λ3 are the secondary and tertiary eigenvalues respectively. 

The tensor can be further explained by a 3x3 matrix containing nine elements as 

follows: 

 ̅ = [

         

         

         

]                                    (1-14) 

where  ̅ = Diffusion Tensor.  

Typically, the gradients are only applied in three directions yielding Dxx, Dyy and Dzz. 

Hence Dxy = Dyx , Dxz = Dzx  and Dyz = Dzy. Therefore only six unique scalar elements are 

required to completely describe the tensor.  

Bloch-Torrey equations 

Torrey modified the equation of motion for transverse magnetization to include 

diffusion in the presence of a magnetic field gradient,  ̅. This modified Block-Torrey 

equation is as follows (Haacke et al., 1999; Torrey, 1956): 

   

  
 = -i γ ̅    ̅   +  ̅   ̿   ̅           (1-15) 

where             
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For isotropic diffusion, the diffusion tensor (DT) can be written as,  

        ̅ = [
   
   
   

] = D [
   
   
   

]     (1-16) 

In this case, the Bloch-Torrey equation simplifies to, 

   

  
 = -i γ ̅    ̅   + D             (1-17) 

This equation has the solution, 

     ( ̅  ) = A(t)      ̅   ̅( )      (1-18) 

where  ̅ ( ) = ∫    
 

 
 ̅( ’) 

For a constant gradient  ̅, the transverse magnetization becomes, 

  ( ̅  ) = A(t)      ̅   ̅( )     (1-19) 

Fractional anisotropy (FA) 

One of the most commonly used measures of anisotropy is fractional anisotropy 

(FA) (LeBihan et al., 2001).  It is a scalar value which describes the fraction of diffusivity 

that is due to anisotropic diffusion (Basser and Pierpaoli, 1996).  It is a value between 0 

and 1, with 0 denoting isotropic diffusion, i.e. diffusion is unrestricted in all directions, 

while 1 denotes maximum anisotropy, i.e. diffusion only occurs along one primary 

direction while it is completely restricted along all other directions (Figure 1-21). The 

value of FA is calculated from eigenvalues (  ,   ,   ) of the tensor model as follows:  

FA = √
  (    )  (    )    (    )   

  (  
 
   

 
    

  
    (1-20) 

where   = 
(          )
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Another way of representing anisotropy is relative anisotropy (RA) and volume 

ratio (VR). RA is given by the formula as follows: 

RA = √
 (    )  (    )    (    )  

  
    (1-21) 

where   = 
(          )

 
 

 

Volume ratio is given by the formula, 

VR = 
(      )

 ̅         (1-22) 

These indices are all scaled from zero to one. 

Fiber tracking 

Fiber tracking or fiber tractography provides an important kind of anatomical 

information – connectivity information within tissue (Mori, 2007). It can be described as 

a tool which groups pixels (or voxels) based on their fiber orientation. Figure 1-22 is a 

schematic diagram of the linear line-propagation approach for fiber tracking (Mori and 

Zijl, 2002).  The shape of the tensor ellipsoid indicates the direction of greatest diffusion 

(fiber orientations) at each pixel. These are linearly connected to form 'fibers tracts'. 

Fiber tracking is increasingly used in practice to understand underlying microanatomy, 

for example, neural pathways in the central nervous system. These techniques can be 

applied to various other areas of interest. Chapters 2 and 3 use this technique to 

investigate the fiber orientation in murine retinal layers.  
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High Angular Resolution Diffusion Imaging (HARDI) 

It has been established that diffusion tensor imaging is an exceptional tool in 

evaluating tissue microstructure and that it provides information about direction of 

diffusion within tissue. However, the fact remains that it is often unable to resolve fiber 

crossings to the fullest extent. For example, if within a voxel, if there are two fibers 

perpendicular to each other, the resulting primary eigenvector will not represent the 

underlying fiber direction. This may lead to loss of information as conventional DTI does 

not compensate for this fact and the reported anisotropy may be incorrect. An advanced 

image acquisition technique known as high angular resolution diffusion imaging 

(HARDI) is used to address this particular issue (Frank, 2001; Tuch et al., 2002). 

The HARDI technique evaluates the apparent diffusion coefficients along many 

diffusion gradient orientations. It acquires images using a constant b-value with the 

diffusion weighted gradient directions uniformly distributed around a particular point. 

Various tensor fitting models have been developed to extract information about 

underlying fiber orientations within complex tissue (Özarslan and Mareci, 2003).  An 

example of a diffusion displacement probability function is the diffusion orientation 

transformation (DOT) developed by Ozarslan, et al., 2006. They demonstrated that 

higher order tensor models such as a rank-6 DT model resolved fiber crossings to a 

greater extent than a lower order tensor model such as a rank-2 DT model (Özarslan et 

al., 2005).  Progress made in this line of work aims to extract more information from 

underlying microanatomy (Özarslan et al., 2006a; Özarslan et al., 2006b). Established 

histology of the murine retina does not suggest fiber crossings within retinal layers, 

hence a rank-2 diffusion tensor model was used for all diffusion data acquisitions. The 
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spherical coordinates used for the acquisition of HARDI data have been previously 

described by Özarslan et al. (Özarslan and Mareci, 2003; Özarslan et al., 2005). 

In this dissertation, HARDI methods have been employed to investigate retinal 

microstructure with high resolutions up to 31 µm. Since it has been established that 

imaging resolutions better than 100 µm are classified as microscopy (Glover and 

Mansfield, 2002), the term high angular resolution diffusion microscopy (HARDM) is 

used in this dissertation.  

Diffusion MRI as a Diagnostic Tool 

Initial work in the early 90s by Moseley et al. (Moseley et al., 1990; Moseley et al., 

1991)  laid the foundation for the use of diffusion weighted MRI to investigate white 

matter. Diffusion-weighted imaging became widely used clinically due to its ability to 

detect acute brain ischemia (Song et al., 2003; Sotak, 2002).  Recently, DTI has been 

used to characterize brain development and aging, as well as structural changes 

induced by infectious, neurological, and neuropsychiatric disorders.  Diffusion MRI 

quickly gained prominence due to its ability to map neural pathways (Basser et al., 

2000; Inglis et al., 2001; Mori et al., 2001).   It soon became the modality of choice for 

imaging of the brain and central nervous system. It became widely used clinically to 

detect acute brain ischemia (Sotak, 2002;LeBihan, 2003).  Recently, DTI has been used 

to characterize brain development and aging, as well as structural changes induced by 

infectious, neurological, and neuropsychiatric disorders.  
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Figure 1-1. Precession of hydrogen nucleus 
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Figure 1-2. Behavior of hydrogen proton spins. A) in the absence of an external 
magnetic field; B) in the presence of a magnetic field. 
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Figure 1-3. T1 recovery curve 
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Figure 1-4. T2 decay curve 
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Figure 1-5. Free induction decay 
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Figure 1-6. The relationship between T1 or T2 and the molecular tumbling rate. L is 

the Larmor frequency. 
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Figure 1-7. T1 differences between fat and water 

  



 

53 

 
 
Figure 1-8. T2 differences between fat and water 
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Figure 1-9. Larger flip angle yields a larger transverse magnetization, and hence a 

higher signal. 
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Figure 1-10. Receive bandwidth vs SNR. Less noise can be sampled if the receive 

bandwidth is reduced. 
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Figure 1-11. Aliasing and undersampling (Westbrook, C et al., 2005).  

A) When the signal is sampled twice per cycle, the waveform is interpreted 
accurately. B) Sampling once per cycle misinterprets the waveform as a 
straight line. C) If sampled less than once per cycle, the waveform is 
misinterpreted as being at the wrong frequency (aliased). 
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Figure 1-12. Phase wrap artifact. Phase values outside the FOV with corresponding 

phase values inside the FOV (shown by red arrows) are sometimes mapped 
onto the FOV resulting in a phase wrap. 
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A 
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Figure 1-13: Cause of Gibbs artifact. A) Undersampling of data incorrectly represents 
interfaces of high and low signal on the image. This gives rise to oscillations 
leading to banding patterns on the image. B) Avoiding undersampling results 
in sharp edges reducing this artifact. 
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Figure 1-14. Chemical shift and pixel shift. A) Each pixel has an individual frequency 

range of 125 Hz (32 kHz/256). Therefore fat and water protons adjacent to 
each other are mapped 1.76 pixels apart (220/125). B) When BW is reduced 
to 16 kHz, then each pixel can accommodate only 62.5 Hz (16 kHz/256). 
Therefore adjacent fat and water protons will be mapped 3.52 pixels apart 
(220/62.5). 
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Figure 1-15. Mechanism of Spin Echo technique. 1) The 90˚ RF pulse flips the 

magnetization in the x-y plane. 2) Spins begin to dephase 3) 180˚ pulse is 
applied, rotating all of the spins around the same axis. Faster spins are now 
placed behind the slower spins. The faster spins now continue to precess 
more rapidly than the slower spins. 4) All the spins rephase to form the spin 
echo 
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Figure 1-16. Pulse sequence diagram for a simple 2D spin echo sequence. 
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Figure 1-17. Isotropic versus anisotropic diffusion. A) Isotropic Diffusion: Similar 

probability of molecular displacement in all directions due to absence of 
boundaries. B) Anisotropic Diffusion: Greater molecular diffusion in a 
preferred direction due to restricted boundaries. 
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Figure 1-18. A conventional ‘Stejskal-Tanner’ spin echo pulse sequence (Stejskal and 

Tanner, 1965) with slice select and diffusion sensitive gradients applied along 
one physical dimension (shown shaded) 
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Figure 1-19. Effect of molecular motion in the presence of diffusion gradients. Protons 

that moved in between the two gradients are indicated by boxes. 
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Figure 1-20. Tensor model, eigenvalues and eigenvectors. A) Primary eigenvalues  1, 

 2      3  shown along the three axes. B) Corresponding eigenvectors V1, V2 
and V3 are shown. 
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Figure 1-21. Range of FA. FA = 0 for complete isotropy, λ1= λ2= λ3. FA=1 for complete 

anisotropy, λ1= λ and λ2= λ3=0 
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Figure 1-22. Schematic diagram for fiber tracking. It can be described as a tool which 

groups pixels (or voxels) based on their fiber orientation. The shape of the 
tensor ellipsoid indicates the direction of greatest diffusion (fiber orientations) 
at each pixel. These are linearly connected to form 'fibers tracts', shown by 
the dotted red lines. 
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Table 1-1. The results of optimizing image quality 
 

To optimize image Adjusted 
Parameter 

    Consequence   

Maximize 
SNR 

 ↑ NEX   ↑scan time   

   ↓ matrix   ↓scan time   

   -    ↓resolution   

   ↑ slice thickness    ↓resolution   

   ↓ BWread    ↑minimum TE   

   -   ↑chemical shift   

   ↑FOV   ↓ resolution   

   ↑TR   ↓ T1 weighting   

   -   ↑number of slices   

   ↓TE   ↓ T2 weighting   

          

Maximize resolution ↓Slice Thickness   ↓SNR    

(assuming a square FOV) ↑Matrix   ↓SNR    

   -   ↑scan time   

   ↓FOV   ↓SNR 
 

   

Minimize scan time ↓TR   ↑T1 weighting   

   -   ↓SNR    

   -   ↓number of slices   

   ↓phase matrix   ↓ resolution   

   -   ↑SNR    

   ↓NEX   ↓SNR    

   -   ↓ movement artifact  

   ↓slice number in volume 
imaging  

 ↓SNR    
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Table 1-2. Parameters and their associated tradeoffs. 
 

Parameter Benefit Limitation  
     TR↑ ↑ SNR ↑ Scan Time  
     

 
↑ Number of slices ↓ T1 weighting  

     TR↓ ↑ Scan Time ↓ SNR  
     

 
↑T1 Weighting ↓ Number of Slices  

     TE ↑  ↑T2 Weighting ↓ SNR  

     TE ↓  ↑ SNR ↓ T2 weighting  
 

   
 

NA ↑  ↑ SNR ↑ Scan Time  
 

   
 

 
↑ Signal Averaging 

 
 

     NA ↓ ↓ Scan Time ↓ SNR  
 

    Slice Thickness ↑ ↑ SNR ↓ Resolution  
     

 
↑ Coverage ↑ Partial voluming  

  
 

  Slice Thickness ↓  ↑ Resolution ↓ SNR  
 

 
   

 
↓ Partial voluming ↓ Coverage  

 
 

   FOV ↑  ↑ SNR ↓ Resolution  
 

   
 

 
↑ Coverage ↓ Aliasing  

  
 

  FOV ↓ ↑ Resolution ↓ SNR  

  
 

  
 

↑ Aliasing ↓ Coverage  

  
 

  Matrix ↑  ↑ Resolution ↑ Scan Time  
 

  
 

 
  

↓ SNR if pixel small  
    

 
Matrix ↓ ↓ Scan Time ↓ Resolution  

 
  

 
 

   
 

 
 

   BWread ↑  ↓ Chemical Shift ↓ SNR  

     
 

↓ minimum TE 
 

 

     BWread ↓ ↑ SNR ↑ Chemical Shift  
 

 
   

  
↑ minimumTE  

    
 

Large coil ↑ Area of received signal ↓ SNR  

     

  
 sensitive to artifacts  

 aliasing with small FOV  
     Small coil ↑ SNR ↓ area of received signal  
  

 
  

 
 less sensitive to artifacts 

 
 

 
    

 
 less prone to aliasing with 

small FOV    

    
   

 
      

  



 

70 

CHAPTER 2 
STUDY OF CONTROL RETINA USING HIGH ANGULAR RESOLUTION DIFFUSION 

MICROSCOPY (HARDM) 

Background and Significance 

In recent years, diffusion tensor imaging (DTI) has found various applications, 

most of which have been to investigate neuronal fiber orientation and muscle tissue 

microstructure (Basser et al., 2000; Damon et al., 2002; Forder et al., 2001; Mori et al., 

2002; Moseley et al., 1990; Scollan et al.,1998).  The capability of DTI to assess 

skeletal muscle tissue damage has been established (Zaraiskaya et al., 2006). As DTI 

can be used to study various microstructure and the lack thereof, this study uses these 

capabilities to investigate the retina. Though the microstructure in the retina may not be 

as organized as that in myelinated neurons or muscle tissue, it is known to consist of 

layers with fairly distinct boundaries. Thus the primary motivation to use DTI is its ability 

to detect differences between normal and pathogenic tissue.  

The purpose of this study is to determine the feasibility of HARDM in measuring 

anisotropic water diffusion in the normal control retina. This is the first phase of the 

project as achieving this will pave the way for non-invasive early detection of various 

ocular diseases like diabetic retinopathy. As a first step, it was important to obtain 

anatomical images of the highest possible resolution of the mouse eye to distinguish 

individual cell layers within the retina. Some groups have been successful in observing 

multiple layers in the retina (Cheng et al., 2006).  However, our efforts have resulted in 

imaging further differentiation within these layers. We conducted high resolution 

anatomical MR microscopy of the murine retina followed by HARDM scans which 

enabled us to evaluate the anatomy and physiology of the retinal tissue. We also 

developed a novel technique where the primary orientation of the diffusion tensor 
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ellipsoids in the photoreceptor cell layer of healthy retinas was studied. These were 

observed to point towards the center of the eye. 

Materials and Methods 

Animal Preparation and Sample Setup 

All animal procedures were performed in accordance with the ILAR Guide for Care 

and Use of Laboratory Animals. We used C57BL/6J mice obtained from the Jackson 

Laboratory (Bar Harbor, ME). This strain of mouse is usually used in diabetic research 

since diabetes can be fairly easily induced in them in a relatively short span of time 

(Kaplan et al., 2006; Rees et al., 2005).  All experiments were performed ex vivo. The 

animals were sacrificed and the eyes were immediately excised and fixed in formalin 

solution (3% w/v). The eyes were maintained in the formalin solution for at least a 

period of 24 hours in order to permit complete fixation. Twenty-four hours prior to 

imaging, they were transferred into cold phosphate buffered saline (PBS) solution to 

remove the fixative completely. This is a required procedure since aldehyde fixative 

solutions are known to cause a reduction in T1 and T2 of tissue as well as increase the 

extracellular apparent diffusion coefficient (Shepherd et al., 2009).  On the day of the 

experiment, the eyes were transferred to a 5 mm NMR tube and suspended in 

Fluorinert™ (FC-43; 3M Corp.) to remove extraneous signals from the bathing medium. 

The sample was packed with gauze both above and below to prevent movement. This 

experimental setup is illustrated in Figure 2-1. 

MR Experiments 

All MR experiments were performed on a 17.6 T, 750 MHz (for 1H) wide bore 

(89mm) NMR spectrometer (Bruker Instruments, Billerica, MA) at the Advanced 

Magnetic Resonance Imaging and Spectroscopy (AMRIS) Facility in the McKnight Brain 
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Institute at the University of Florida, Gainesville, FL. The RF coil for the ex vivo 

experiments used was a birdcage coil (Doty Scientific) with diameter = 5 mm, length = 

3.5 cm.  

High resolution anatomical scans 

A schematic of the organizational structure of the mouse retina (Figure 2-2) shows 

the various layers that make up the neural retina (Ramalho et al., 2004). High resolution 

anatomical scans were obtained (Figure 2-3) which showed the retinal layers. A 3D 

gradient echo pulse sequence was used for this purpose using the following 

parameters: TR = 500 ms, TE = 7.5 ms, FOV = 0.38 cm x 0.38 cm x 0.38 cm, matrix 

size 200 x 180 x 80, NA=6. This yielded a final voxel resolution of 19 µm x 21 µm x 47.5 

µm.  Total time for the acquisition was 12 hours.  

High angular resolution diffusion microscopy (HARDM) 

A 21-direction high angular resolution diffusion microscopy (HARDM) sequence 

was used for the diffusion experiments. A rank-2 tensor model was used as the fitting 

function for the HARDM data and the spherical coordinates used for the acquisition 

have been previously described by Özarslan et al. (Özarslan and Mareci, 2003; 

Özarslan et al., 2005). HARDM images of control eye were obtained (Figure 2-4) using 

the following parameters: TR=2500 ms, TE=15.96 ms, SW=50 kHz, gradient strength = 

800 mT/m, Δ=10 ms, δ=1.5 ms, b-value = 1000 s/mm2, number of averages (NA) = 6, 

slice thickness = 0.25 mm, matrix size = 128 x 128, FOV= 4 mm x 4 mm, spatial 

resolution = 31 µm, total acquisition time = 12 hours.  

Data Analysis 

All the diffusion tensor images were processed using fanDTasia software 

developed at the Department of Computer and Information Sciences, University of 
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Florida (Barmpoutis, 2009).  This is a software application in the public domain for 

viewing multilayer image files in FDT format, which contains information about the 

magnetic-gradient directions, b-values and acquired DW-MR images. It is particularly 

designed to work with diffusion tensor MR images. The graphical user interface (GUI) 

provides the user with several options of viewing the data. Some of the features of the 

software include primary, secondary, and tertiary eigenvector visualization, along with 

fractional anisotropy (FA) maps, average diffusivity, and tractography visualization. 

Each diffusion tensor is depicted by a colored ellipsoid, the color conveying the direction 

of the primary eigenvector.  

The raw data were converted using MATLAB into FDT (fanDTasia) format 

(Barmpoutis, 2009). The software was used to obtain detailed maps of color coded 

diffusion tensor ellipsoids showing direction of diffusion in the retinal layers. Since the 

slices could be rotated, it enabled us to obtain a 3D visualization displaying the diffusion 

tensor ellipsoids in each slice providing deeper understanding of fiber orientation.  

The diffusion tensor field was estimated from diffusion-weighted images using the 

constraint variational principle method described previously (Wang et al., 2004). 

Consequently, a tensor spline was fitted to the diffusion tensor field in order to obtain a 

continuous and smoothly varying approximation of the tensor field (Barmpoutis et al., 

2006). This process significantly reduces noise present in the diffusion tensor field, thus 

displaying a clearer picture of the fiber structure underneath. For the visualization of the 

tensor fields we represented the diffusion tensor at each voxel by a Gaussian ellipsoid. 

The x, y, z components of the dominant eigenvectors of the diffusion tensors were 

assigned Red-Green-Blue (RGB) colors respectively for visualization purposes. The 
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same color scheme was employed in the images showing the primary eigenvector field 

of a diffusion tensor dataset.  

A novel method of analyzing the water diffusion in the retina is presented. As can 

be seen from Figure 2-5 and 2-6, the fiber tracts corresponding to the rods and cones in 

the photoreceptor cell layer of the retina are aligned in such a way that they tend to 

point towards the center of the eye (Figure 2-8 A). If the lines traced along these 

eigenvectors are extended, they intersect near the center of the eye (Figure 2-8B). 

Control eyes were subjected to this technique; the extracted region shown in Figure 2-

8C corresponds to the retina. The isosurfaces of the Gaussian probabilities are plotted 

as thin cylindrical surfaces shown as lines. These lines were found to converge very 

close to the center of the eye where the mixture of Gaussians has the global maximum 

(as shown by the red circle in Figure 2-8 C). The global maximum values near the 

center of the eyes (focal point) are shown as grey dots (Figure 2-9 C,D). The maximum 

probability points of three control eyes are projected on a probabilistic 3D eye atlas 

(Figure 2-9 E). 

This calculation was performed by evaluating a quantitative measure using the 

following method. Each diffusion tensor of the retinal layer is represented by a 

multivariate Gaussian probability, whose isosurfaces have the same orientations as the 

primary eigenvector of the corresponding diffusion tensor. In the first step, the region of 

the 3D HARDM dataset corresponding to the retinal area is extracted. This can be done 

by thresholding the diffusion weighted images, in which the retina has much brighter 

intensities compared to the rest of the regions of the eye. After having extracted the 

retinal regions, we compute the 3x3 eigenvector matrix Vi from the diffusion tensor 



 

75 

matrix Di of each voxel of the extracted region. Here the index ‘i’ denotes the lattice 

index of the voxels in the retinal region. We assume that the first column of the matrices 

Vi correspond to the principal eigenvector of Di. Using a large value for σ~105 the 

isosurface of the probability takes an almost cylindrical shape parallel to the primary 

eigenvector and having radius equal to half pixel. Using these probabilities we formulate 

a mixture of Gaussians p(x)= 1/ n N(x; pi ,Vi ΣVi
T ) and we evaluate it for every lattice 

point of the original 3D DTI volume. 

Results 

High Resolution Anatomical Microscopy 

Histochemical studies performed by various sources confirm that the mouse retina 

has an organized structure with several distinct layers as is seen in Figure 2-2 

(Ramalho et al., 2004). It is important to be able to visualize these layers using MRI for 

proceeding with the diffusion experiments. 

Using magnetic resonance microscopy (in-plane resolution of 19 µm) we were 

able to successfully identify these various layers in the retina without destruction of the 

tissue sample (Figure 2-3). Some ringing artifact (or Gibbs artifact) may be observed in 

the image. Gibbs artifact is explained in Chapter 1. A discussion of the manifestation of 

this artifact in the image is included in the discussion section of this chapter.  Apart from 

the retinal layers, other significant ocular anatomy like the vitreous humor and lens were 

observed. We calculated the thickness of the neural retina to be between 200 to 250 

µm.  

High Angular Resolution Diffusion Microscopy (HARDM) 

A sufficiently high spatial resolution (31 µm) was achieved for the HARDM scans, 

which was essential to calculate rotationally invariant scalar measures of anisotropy 
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such as fractional anisotropy (FA) within the retina as well as the orientation and 

magnitude of restricted water diffusion. Figure 2-4 shows three dimensional 

reconstructions of HARDM scans of a control eye in alternate views. The direction of 

diffusion in the retina shown by individual tensors is observed to be consistent when 

viewed from various angles (A and B). Figures 2-5 shows a three-dimensional 

reconstruction of fiber tracts of a control eye. Figure 2-6 is a close up of the section 

highlighted by the yellow box in Figure 2-5. The retinal layers are marked by black 

arrows in both figures. 

The helical structure of the mouse lens can be seen by the fiber tracts (Figure 2-

5). The lens which fills the central part of the murine eye is largely made of primary and 

secondary lens fibers (Chalupa and WIlliams, 2008).  These fibers are oriented in a 

helical fashion with the older primary fibers at the center, filling the lumen of the lens 

vesicle. The secondary lens fibers are newer fibers towards the outer surface of the 

lens, and possess sufficient anisotropic diffusion to permit fiber tracking. 

Figure 2-7 is a comparison of FAs in the retina versus that of the vitreous humor 

(a region without restricted diffusion) in each sample (N=4). A paired student t-test was 

performed comparing the two regions of interest which were determined to be 

statistically significant (p<0.01).  

Figure 2-8 A shows the eigenvector field of the retina of a 2D slice from a control 

mouse eye. Figure 2-8B gives a schematic showing how lines drawn through the 

eigenvectors can be extended towards the center. The central focal point is shown by 

the red dot The extracted region shown in Figure 2-8C corresponds to the retina. Some 

of the isosurfaces of the Gaussian probabilities are plotted as thin cylindrical surfaces. 
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These lines intersect near the center of the eye, where the mixture of Gaussians has 

the global maximum. Figure 2-9C,D shows the global maximum values near the center 

of the eye (focal point), shown as grey dots. 

Discussion 

The high image resolution acquired in the anatomical images provides insight into 

the tissue microstructure. It may be observed that some ringing artifact (truncation or 

Gibbs artifact) exists in the anatomical image (Figure 2-3). This banding pattern is 

primarily seen in the phase encoding direction (up-down direction in the image) and is a 

result of truncating or under-representing the Fourier series due to less number of 

samples being measured, or in other words, due to a reduced matrix size in the phase 

encoding direction. Sometimes, in an effort to reduce the total scan time, the phase 

encoding steps are reduced, which clearly is the case here. However, in this particular 

image, the presence of the banding pattern plays an important role as it prevents the 

correct visualization of the retinal layers. Therefore an effort must be made to reduce 

this artifact. This may be done by either interchanging the frequency and phase 

encoding directions or by increasing the phase encode matrix size from 180 to say, 256, 

which would increase the total scan time from 12 hours to 17 hours. Considering that 

this is an ex vivo sample, this may be a possible option. Alternately, a matrix size 

between 180 and 256 may be optimized to reduce the Gibbs artifact in the image. Doing 

so will present a clearer picture of the existing layers. There are also many post 

processing methods performed by various groups which may also be considered (Liang 

et al., 1992; Smith and Nichols, 1990; Archibald and Gelb, 2002; Callaghan et al., 

2005). Commonly employed techniques tend to reduce the oscillations caused due to 

the Gibbs artifact, thereby eliminating the banding patterns which lead to a smoothing 
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effect on the final processed image. However, it must be noted that this leads to some 

loss of data and also reduced spatial resolution. There are also certain methods which 

attempt to avoid loss of data by extrapolating data in k-space by making certain 

assumptions based on prior knowledge of the anatomy (Block et al., 2008). However, 

given the current condition of the image, it may be observed that there are layers visible 

on certain areas of the retina which are not much affected by this artifact. For example, 

on the right side of the image, a part of the retina (highlighted by yellow arrows) shows 

at least seven different layers. This part of the image is not affected by the truncation 

artifact as the layers from outside to inside are in the frequency encode direction (right 

to left in the image). 

The non-invasive nature of the experiments does not require tissue destruction or 

staining as required by the Berkowitz group where the sclera, aqueous humor, iris, and 

lens were separated for closer inspection (Berkowitz et al., 1999). A healthy retina has 

strong boundaries between its layers compared to the surrounding anatomy. The 

significantly high FA values in the retina compared to the low FA values in the vitreous 

humor reflect the presence of an organized structure in the retina. The Duong group 

used fMRI to understand layer specific physiology (Duong et al., 2008). The Chen group 

has used DTI (6 directions) to detect basic differences between wild type and mouse 

models of retinal degeneration (Chen et al., 2010).  Both groups, being limited by 

resolution, were able to resolve the retina up to only 3 layers, each of which actually 

comprise of sub-layers. We were not only able to resolve the retina up to 9 layers, we 

also take a different approach by using a 21-direction HARDM protocol enabling 

effective fiber tracking so as to actually extend the primary eigenvectors towards the 
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center of the eye. The novel analysis method may also pave the way for a radically 

different and decisive technique to analyze the onset of disease. It is hypothesized that 

retinas affected by diabetic retinopathy may have structural disorganization, due to the 

disruption of the blood-retinal barrier. The high image resolution may be able to detect 

damaged areas with retinas. Moreover, the FA in such retinas may be significantly lower 

than healthy retinas.  Tensor ellipsoids in the images indicate the preferential direction 

of water diffusion in the retinal layers. The predominant direction of diffusion is observed 

to be perpendicular to the retinal layers rather than parallel to them. This layer 

corresponds to the photoreceptor segments of the rods and cones (inner and outer 

segments). In future studies involving diabetic eyes, it is possible that this alignment of 

tensors is altered. The fiber tracking in the eye provides an in-depth understanding of 

the underlying anatomy. It is interesting to note the ability of this technique to visualize 

the helical structure of the mouse lens.  

We had hypothesized that if the primary eigenvectors of the normal retina were 

perpendicular to the retina, then it would be logical that the lines extending along their 

direction would converge in the center of the eye, while it would not do so in 

degenerated retinas. Our focal point calculations perfectly agreed with this hypothesis. 

This may not necessarily be the case in diseased eyes. The capability to prove this and 

use these methods is an important step in determining various cases of retinal 

degeneration.   
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Figure 2-1: Ex vivo Sample setup. The samples were packed with gauze to prevent 

movement during imaging. 
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Figure 2-2. Schematic of the organizational structure of the mouse retina (Ramalho et 
al., 2004).SC, sclera; CH, choroids; RPE, retinal pigment epithelium; 
ROS,photoreceptor segments of rods and cones; ONL, nuclei of rods and 
cones; OSL, outer synaptic layer; INL, neuron nuclear layer; ISL, inner 
synaptic layer; GCL, ganglion cell layer. 
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Figure 2-3. 3D high resolution gradient echo image of an in vitro eye with clearly 
differentiated retinal layers. The retinal layers visible are: Sclera (SC), choroid 
(CH), retinal pigment epithelium (RPE), photoreceptor segments of rods and 
cones (ROS), outer nuclear layer of rods and cones (ONL), outer synaptic 
layer (OSL), inner nuclear layer (INL); inner synaptic layer (ISL),ganglion cell 
layer (GCL). The yellow arrows indicate the retinal layers undistorted by 
truncation artifacts. 
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Figure 2-4. HARDM images of control eye in alternate views. The direction of diffusion 
in the retina is observed to be consistent when viewed from various angles (A 
and B). Certain important anatomical parts are labeled. 
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Figure 2-5. A 3D reconstruction of fiber tracts of a control eye. The yellow box indicates 
a section of the retina which has the structured organization of the 
photoreceptor layer. 
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Figure 2-6. Close up view of fiber tracts in the retina corresponding to the yellow box in 
Figure 2-4. The layer shown by black arrows have the organized structure of 
the photoreceptor layer. 
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Figure 2-7. Comparison of mean fractional anisotropy of the retina as compared to the 
vitreous humor (N=4). The difference in FA in the two groups was found to be 
statistically significant (p<0.0001).  
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Figure 2-8. Illustration of the proposed focal point calculation method. A) The 

eigenvector field of the retina of a 2D slice from a control mouse eye. B) 
Schematic showing how the eigenvectors are extended towards the center. 
The central focal point is shown by the red dot. C) The extracted region 
corresponding to the retina. The projected eigenvectors converge very close 
to the center of the eye (shown by red circle) 

B C C 
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Figure 2-9.Evaluated mixture of Gaussian probabilities for healthy control eyes (A,B) 

obtained by drawing lines extending along the length of the eigenvectors in 
the retina (in 3D space). The global maximum values near the center of the 
eyes (focal point) are shown as grey dots (C,D). The maximum probability 
points of three control eyes are projected on a probabilistic 3D eye atlas (E). 

  

A 

C D 

B 

E 



 

89 

 
Table 2-1. Mean FA values in the retina versus the vitreous humor in individual control 

eyes. The difference in FA in the two groups was found to be statistically 
significant (p<0.0001). 

 

Sample # FA in Retina FA in Vitreous Humor  

1 0.65 0.13  
2 0.58  0.16  
3 0.71 0.12  
4 0.69 0.12  
5 0.73 0.15  

Mean FA ± SD 0.67 ± 0.06 0.14 ± 0.018  
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CHAPTER 3 
STUDY OF DIABETIC RETINOPATHY 

Background and Significance 

Etymology of Diabetes Mellitus 

The etymology of the name Diabetes Mellitus is attributed to the Romans and 

Greeks   (Williams and Pickup, 2004). The Romans identified this condition in which the 

patient’s urine was ‘mellitus’, the Latin word for sweet. This sweet, honey-like taste was 

also reported by the Indian Hindu physician, Susruta in the 5th century AD. He also 

mentions two forms of the disease which is classified today as Diabetes type 1 and type 

2. The Greeks discovered that when people with this condition drank, the fluids came 

out in the urine as soon as they went in the mouth, like a siphon. The Greek word for 

siphon is diabetes. This is the origin of the modern name for the disease, diabetes 

mellitus.  

Balance of Glucose and Insulin 

Diabetes mellitus is broadly defined as a disease characterized by chronically high 

blood glucose levels primarily caused by the inability of the human body to produce 

and/or use insulin (Williams and Pickup, 2004). Normally, glucose acts as an energy 

source for tissue cells and is absorbed in the intestines and channeled to the rest of the 

body via the bloodstream. Since the need for glucose varies during the day, excess 

glucose is stored in the liver and muscles in the form of glycogen (chains of glucose 

molecules). When glucose is required, glucose is mobilized from the stored glycogen. 

This blood-glucose level in the body is maintained in the body by two hormones having 

opposite actions: insulin and glucagon, which are both produced in the pancreas. Insulin 

is produced and secreted by the β cells in the islets of Langerhans in the pancreas. It is 
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a protein hormone that contains 51 amino acids. Insulin is required by almost all of the 

body's cells, but its major targets are liver cells, fat cells and muscle cells. While insulin 

lowers the blood glucose levels, glucagon raises blood glucose levels (Kieffer et al., 

1999). The pancreas releases glucagon when glucose levels fall too low. Glucagon 

causes the liver to convert stored glycogen into glucose, which is released into the 

bloodstream. High blood glucose levels stimulate the release of insulin. Insulin allows 

glucose to be taken up and used by insulin-dependent tissues. Thus, glucagon and 

insulin are part of a feedback system that keeps blood glucose levels at a stable level. 

A healthy pancreas adjusts the amount of insulin based on the level of glucose. 

But diabetes causes this process to break down and blood sugar levels become too 

high.  

Diabetes can be categorized into four types (Saudek et al.,1997): 

 Type I Diabetes  
This is caused due to the complete or almost complete destruction of the 
pancreatic beta cells (the cells that produce insulin). 

 Type II Diabetes 
This is due to insulin resistance, or the body not responding to the insulin 
produced in the pancreas. 

 Gestational diabetes mellitus (GDM)  
This occurs for the first time in pregnancy. 

 Other types of diabetes  
There are caused by specific conditions such as endocrinopathies, genetic 
syndromes, etc 

In all the cases, glucose cannot move into the cells and blood glucose levels can 

become high. Over time, these high glucose levels can cause serious complications. 

Since people with type 1 diabetes are unable to produce insulin, they require insulin 

right away, whereas exercise and weight control has been found to have a positive 
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effect on type 2 diabetics. Other types of diabetes may be helped by treating their 

underlying cause. Gestational diabetes must be treated aggressively with proper diet 

and insulin. 

Diabetic Retinopathy 

Diabetic retinopathy (DR) commonly affects both type 1 as well as type 2 diabetics 

(Frank, 2004).  In 2010, about 25.8 million people had diabetes in the United States 

alone, out of which 4.2 million adults aged 40 years or older had diabetic retinopathy 

(National Diabetes Statistics 2011). Diabetic retinopathy (DR) does not have any 

symptoms in its early stages, which is why in most people it remains undetected until it 

has progressed to a later stage.  

Pathophysiology 

Diabetic retinopathy is characterized by early retinal microvascular dysfunction, 

retinal blood vessels do not grow after birth. Diabetes causes retinal hypoxia (Pierce et 

al.,1995), an early marker of DR, which in turn results in neovascularization in the 

retina. The newly formed blood vessels do not have the properties of the original retinal 

blood vessels thus leading to hemorrhage and subsequent blurring of vision. There are 

three growth factors that are essentially signaling proteins affecting vascular growth, 

which contribute to retinal neovascularization. They are basic fibroblast growth factor 

(bFGF), insulin-like growth factor I (IGF-I) and VEGF. Out of these, VEGF is the chief 

contributing factor (Ferrara et al.,1997; Frank et al.,1994; Pierce et al., 1995; Qaum et 

al.,2001). These damages change the anatomy of the blood-retinal barrier (BRB) and 

subsequently make it more permeable.  

Diabetic retinopathy has four stages: 
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 Mild Nonproliferative Retinopathy 
This is the earliest stage where microaneurysms occur. They are small swellings 
in the retina's microvasculature.  

 Moderate Nonproliferative Retinopathy 
This is a progressive stage where some of the blood vessels responsible for 
nourishing the retina get blocked. 

 Severe Nonproliferative Retinopathy 
Many more blood vessels are blocked, depriving several areas of the retina with 
their blood supply. These areas of the retina send signals to the body to grow 
new blood vessels for nourishment. 

 Proliferative Retinopathy 
At this advanced stage, the signals sent by the retina for nourishment trigger the 
growth of new blood vessels. This condition is called proliferative retinopathy.  

The new blood vessels formed in the stage of proliferative retinopathy are 

abnormal and fragile. They grow along the retina and along the surface of the clear, 

vitreous gel that fills the inside of the eye. By themselves, these blood vessels do not 

cause symptoms or vision loss. However, they have thin, fragile walls. If they leak 

blood, severe vision loss and even blindness can result. 

Treatment methods 

There are a number of basic eye exams used to detect later stages of this disease 

along with macular edema today. These include tests like visual acuity tests, dilated eye 

exams and tonometry. A visual acuity test is an eye exam checking for clarity of vision 

at various distances. During a dilated eye exam, the pupils are dilated using drops. 

Special magnifying lenses are used for closer examination of the retina and optic nerve 

for signs of damage. Tonometry tests measure ocular pressure and look for 

abnormalities. The tests are performed to check for leaking blood vessels, retinal 

swelling (for macular edema), fatty deposits on the retina – which are signs of leaking 

blood vessels and damaged nerve tissue. Advanced eye exams include a fluorescein 
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angiogram which involves the injection of dyes in order to identify leaking blood vessels. 

Current treatment methods usually do not include invasive procedures for the initial 

three stages of DR unless there are signs of macular edema. The progression of the 

retinopathy is prevented by controlling blood sugar, cholesterol and blood pressure. 

Proliferative retinopathy is generally treated using a laser surgery technique known as 

scatter laser treatment which shrinks abnormal blood vessels. A disadvantage of this 

procedure is that it may affect adversely color vision and night vision. Another 

procedure called vitrectomy removes blood from the center of the eye. All these 

procedures are non-invasive in nature, hence the need arises for finding a way to detect 

and possibly characterize the early onset of the disease before the adverse effects or 

symptoms begin to surface. The experiments described in this chapter attempt to 

address this very need. 

Materials and Methods 

Animal Preparations 

All animal protocols were in accordance to University of Florida Institutional Animal 

Care and Use Committee (IACUC) guidelines. C57 black mice were used for the 

studies. All imaging was performed ex vivo, using a 17.6T, 750 MHz (for 1H) wide bore 

(89mm) Bruker NMR spectrometer. Diabetic eyes came from mice with type I diabetes 

induced by a single dose of alloxan. For the injections, the mice were heated (under a 

sun lamp) to dilate the blood vessels.  Alloxan was injected into the lateral tail vein in a 

small volume (~200 microliters).  Doses were either 62.5 or 75 mg/kg body weight. 

Blood glucose was measured at regular intervals after a 4 hour fasting period by 

pricking the tail vein.  The instrument used to measure the droplet was a One-Touch® 

Ultra, a common instrument used by diabetics. The mice were not maintained on 
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supplemental insulin (blood glucose >200mg/dl). The mice were euthanized by cervical 

dislocation. The excised eyes were fixed in a 2% paraformaldehyde/1% glutaraldehyde 

solution in Tyrode's buffer. The eyes were maintained in the formalin solution for at least 

a period of 24 hours in order to permit complete fixation. Twenty-four hours prior to 

imaging, they were transferred into cold phosphate buffered saline (PBS) solution to 

remove the fixative completely. This is a required procedure since aldehyde fixative 

solutions are known to alter the water relaxation and diffusion properties of tissue 

(Shepherd et al., 2009).  On the day of the experiment, the eyes were transferred to a 5 

mm NMR tube and suspended in Fluorinert™ (FC-43; 3M Corp.) to remove extraneous 

signals from the bathing medium. The sample setup was similar to the experiments in 

Chapter 2 and illustrated in Figure 2-1. 

MR Imaging 

The diffusion images were obtained using a 21 direction high angular resolution 

diffusion imaging (HARDI) sequence. The parameters used were: TR=2500 ms, TE=16 

ms, SW=50 kHz, Δ=10 ms, δ=1.5 ms, b-value = 1000 s/mm2, NA=6, Matrix size =128 x 

128 and FOV= 0.4 cm x 0.4 cm, Spatial Resolution = 31µm x 31µm. 

Data Processing 

Statistical comparisons of fractional anisotropy in the retina were made using an 

unpaired student’s t-test, with significance established at the p<0.05 level. 

A novel analysis technique was optimized to look at yet another way of 

differentiating between diabetic and control eyes. The central focal point calculation 

method described in Chapter 2 was used to identify the eigenvectors in the retina which 

are projected inwards. It is established in the previous chapter that in control eyes, 

these eigenvectors intersect near the center of the eye. Now since it is presumed that in 
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diabetic eyes, the eigenvectors would be in disarray following retinal disruption, these 

eigenvectors would in fact not intersect in the center of the eye. Hence the first step 

would be to check whether this intersection actually happens at the center or not.  

A second method was devised to measure the angular difference (Δ) between 

consecutive eigenvectors in the retina. This method is illustrated in Figure 3-3 and 

Figure 3-4. In Figure 3-3, consider the eye with the eigenvectors aligned as shown in 

the retina. For consistency in each sample, the selected eigenvectors lay within a 2D 

quadrant of the eye, which included the retina. Figure 3-4 shows that the first 

eigenvector at the bottom of the quadrant would make a small angle (θ1) with the 

reference line. The consecutive eigenvector would presumably make a bigger angle (θ2) 

with the same reference line and so on. Next, each of these angles are plotted on a 

graph as shown. Since these angles gradually and consistently increase in value, the 

curve made by these points can be assumed to be a linear curve as shown. The 

angular difference between consecutive eigenvectors is signified by the term Δ in this 

chapter (for example, Δ = θ2 – θ1). For a control eye, this Δ would be more or less 

constant because the eigenvectors would gradually shift radially along the curve of the 

retina. However, this may not be the case for a diabetic retina. These angles made by 

the eigenvectors for each eye were plotted for each group. The statistics associated 

with these plots included R2 for each curve. These values provide the value of 

goodness of fit. An R2 of 1 means a perfectly linear line, while lower values signify non-

linearity. A 95% confidence interval was also calculated for each curve. These values 

are listed in Tables 3-1 and 3-2 for each group respectively. All statistics involving 
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goodness of fit and confidence intervals were performed using Microsoft® Excel 2010 

and Graphpad Prism® 5, a software for performing statistical analysis. 

Results 

In Chapter 2 we observe that the direction of diffusion in the control neural retina is 

perpendicular to the layers rather than parallel to them.  This layer corresponds to the 

photoreceptor segments of the rods and cones (inner and outer segments). In this study 

a systematic comparison has been made between control retinas and retinas from 

diabetic mice.  

Retinal Disintegration in Diabetic samples 

The integrity of the retinal layers is compromised in diabetic eyes with elevated 

glucose levels. Results show significant differences between this group and control 

samples. Figure 3-1 illustrates an example of direct comparison between a control 

retina (Figure 3-1A) and a diabetic retina (Figure 3-1B). The diabetic retina clearly 

shows signs of damage due to diabetic retinopathy (section highlighted by white circle in 

Figure 3-1B). A point to be noted is that certain areas of the diabetic retina may be 

intact (similar to control retina) while certain areas have been compromised due to DR.  

Fractional anisotropy values were calculated in the retina of both groups (N=5 for 

each group). The mean FA is significantly reduced in the diabetic retinas as compared 

to the mean FA in control retinas (Figure 3-2). Using an unpaired student t-test between 

the two groups, the difference in FA is considered to be statistically significant 

(p<0.0001). 

Comparison of Angular Difference (Δ) Curves between Groups 

The angles made by the eigenvectors to the reference for each eye were plotted 

for control (Figure 3-5) as well as diabetic retinas (Figure 3-7).  A total of 5 samples 
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were analyzed for each group. A reference is shown (in green) which would be the 

result of perfectly aligned eigenvectors pointing towards the center of the eye. It is 

clearly revealed that in the case of control eyes, the curves follow a linear pattern close 

to the reference, and consequently, have high R2 values. On the other hand, the curves 

corresponding to the diabetic eyes do not follow any particular pattern at all. As a result, 

the R2 value of the curves are significantly lower than their control counterparts. R2 

values for the control group as well as the diabetic group are listed in Tables 3-1 and 3-

2 respectively. A 95% confidence interval for each individual sample is shown for both 

groups (Figure 3-6 and 3-8). The range of slopes for each confidence interval is listed in 

Tables 3-1 and 3-2. This range provides an estimate of the goodness of fit of the 

curves. As is expected, the control group has a consistently narrower range of slopes 

for each confidence interval. This is another straightforward method of differentiating 

between the two groups. 

A correlation was established between the R2 of the angular difference curves 

from the diabetic samples and coinciding blood glucose levels. It was observed that the 

longer the animal’s blood glucose level stayed above 300 mg/dl, the lower was the 

value of R2 (Figure 3-9, Table 3-2).  

Discussion 

Diabetic retinopathy (DR) does not have any symptoms in its early stages, which 

is why in most people it remains undetected until it has progressed to a later stage. 

Various treatment methods exist today from basic eye exams (visual acuity tests, 

dilated eye exams, tonometry etc) to advanced procedures (fluorescein angiograms, 

laser surgery, vitrectomy) to treat progressive stages of DR. These procedures are 

usually invasive in nature. Due to these reasons, there is a dire need for detecting this 
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disease at an early stage. By doing so, the condition can be curbed and will not require 

invasive treatment procedures (described above) at later stages. As BRB permeability 

has been established to be a direct indication of the extent of retinopathy, various 

research groups have measured the loss of BRB integrity using tracers, contrast agents 

and histology tests. Early studies have used fluorescein as a marker, and its transport 

across the BRB has been characterized to measure retinal permeability (Tsuboi et al., 

1984).  The Berkowitz group used a contrast agent to assess the breakdown of the BRB  

(Berkowitz et al.,1999; Berkowitz et al.,1991; Berkowitz et al., 1992) .  By injecting Gd-

DTPA (gadolinium diethylene-triamine-pentaacetic acid) in the disrupted BRB, the 

surrounding water proton relaxation rate was found to increase in direct proportion to 

the Gd-DTPA concentration. The Duong group (Duong et al., 2002)  observed 

increased fMRI activation in the retina-choroid complex after visual stimulation. Chen at 

al. (Chen et al., 2008) have provided insight to retinal tissue organization as well as 

carried out DTI studies to estimate differences between wild type and mouse models of 

retinal degeneration. These studies are examples of using various techniques to study 

retinal function, but lack by way of spatial resolution needed to carry out effective fiber 

tracking within the retinal layers required to detect early changes in the retina due to 

pathologies.  Various other techniques such as Doppler flowmetry, retinal photography, 

scanning laser ophthalmoscopy, and retinal oximetry measurements are used to detect 

DR (Denninghoff et al.,2000), but early detection of the disease through non-invasive 

means has been a problem. 

Various histological studies have established that healthy retinas have a highly 

organized structure.  Our earlier studies (Chapter 2) have shown that high field ex vivo 
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MR imaging is capable of distinguishing individual retinal layers in C57BL/J mice. Since 

fractional anisotropy is a reliable marker for determining organized structure, we 

decided to use diffusion studies to investigate the presence or lack of organized 

structure in the retina. Our studies show that FA is consistently higher in the retina 

compared to its surrounding anatomy. Retinas obtained from healthy control animals 

exhibit a highly organized retinal structure. Diabetic retinas are subjected to various 

changes in anatomy and physiology due to the progression of diabetic retinopathy. The 

neovascularization around the retina caused by VEGF signaling and the increased 

permeability of the blood retinal barrier are some of the chief contributing factors. These 

changes cause a marked disruption in the natural organizational structure of the retinal 

layers. The HARDM techniques established in this chapter are successful in detecting 

alterations in the eye following damage due to diabetic retinopathy. FA values 

calculated in this group are significantly lower than in their control counterparts. The FA 

in the vitreous humor for both groups did not show any significant change. The new 

technique developed to differentiate between control and diabetic eyes involving the 

eigenvector projections is found to be very effective. The plot of angular differences 

between consecutive eigenvectors provides a novel method to distinguish between the 

two groups. It was observed that the curves made by the eigenvectors to the reference 

line in the control group followed a linear regression with high values of R2. Quite the 

opposite was observed to be true for diabetic eyes with high blood glucose levels. In the 

diabetic eyes, not only are the R2 values significantly less, there are many more points 

lying outside the 95% confidence interval in this group. In the case of the control group, 

the 95% confidence intervals include most of the points in the curve. Due to this, the 
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upper and lower limits of the confidence interval are also closer to each other in the 

control group. For each group, the difference in the upper and lower limits of the 95% 

confidence interval bands along with their means are listed in Tables 3.1 and 3.2. The 

control group has a much lower mean than the diabetic group, which implies that there 

is excellent goodness of fit of the trend line for the samples in the control group. 

Depending on the linearity of the curves, a correlation between the shape of the curve 

and progression of disease may be characterized. Given the findings in this study, this 

possibly signifies that the value of the R2 could be a direct indication of the extent of 

diabetic retinopathy. The plot of R2 versus the number of days the blood glucose level of 

the mouse was above 300 mg/dl reaffirms this hypothesis, that the longer the mouse 

has been diabetic, the lower is the value of R2. When the animal has diabetes for a 

prolonged period of time, due to the progression of the retinopathy, the retina is 

continually disrupted. This would cause loss of organization in the retina, consequently 

leading to lower values of R2.  

These techniques may aid future studies by providing early detection of 

pathogenic conditions in the retina. The key to making this possible in clinical practice is 

to first achieve the ability to observe these changes in the murine retina in vivo.  This 

would require the development of special RF coils capable of the high SNR and 

resolution requirement essential for these studies. Some progress has been made in 

this line of work and it will be discussed later in chapter 5 of this dissertation. The 

studies described in this chapter being ex vivo in nature, take the advantage of long 

scan times in order to get better SNR and spatial resolution. For in vivo imaging, this 

aspect will need to be addressed by developing pulse sequences designed to reduce 
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scan times. Once these preclinical studies are successful, steps may be taken to 

translate this research into a clinical setting.  
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 A 

 B 

Figure 3-1. Comparison between a control retina (A) and a diabetic retina (B). The 
control retina shows an organized structure whereas in the diabetic eye, the 
retina is damaged (shown by white circle).  
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Figure 3-2. A comparison of the fractional anisotropies in the retinas of control versus 
diabetic eyes. Using an unpaired student t-test, this difference was found to 
be statistically significant (p<0.0001). FA in the vitreous humor (used as an 
internal control) in both groups did not show any significant difference.  
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Figure 3-3. A schematic illustrating the angular difference calculation method. The 

eigenvectors within a selected quadrant of the retina are displayed. 
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A 

B 

Figure 3-4. Plot of points corresponding to angles (θ) made by eigenvectors with the 
reference line. A) In the selected quadrant, lines are extended along the 
eigenvectors converging at the center of the eye. B) A plot of the angles 
made by the extensions with the reference line. 
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Figure 3-5. Control eyes: The angles (θ) made by consecutive eigenvectors to the 
reference line is plotted for each eigenvector lying in the selected quadrant. 
The process is repeated for 5 control eyes (labeled as Ctrl for Control). The 
green curve serves as a reference curve which would be the result of 
perfectly aligned eigenvectors. 
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Figure 3-6. The distribution of points in individual control samples is compared. 95% 
confidence intervals for each trend line are also displayed to show goodness 
of fit. 
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Figure 3-7. Diabetic eyes: The angles (θ) made by consecutive eigenvectors to the 
reference line is plotted for each eigenvector lying in the selected quadrant. 
The process is repeated for 5 diabetic eyes (labeled as DB for Diabetic). The 
green curve serves as a reference curve which would be the result of 
perfectly aligned eigenvectors.  
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Figure 3-8. The distribution of points in individual diabetic samples is compared. 95% 

confidence intervals for each trend line are also displayed. 
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Figure 3-9. For the diabetic group: plot of R2 versus the number of days the blood 

glucose level of the mouse was above 300 mg/dl. According to the graph, a 
trend may be observed suggesting that the longer the mouse has been 
diabetic, the lower is the value of R2. 
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Table 3-1. Individual FA values in retinas and vitreous humor (used as an internal 
control) of healthy control eyes. The R2 values of each curve (Figure 3-5) are 
listed. The difference between the upper and lower slopes of the 95% 
confidence interval (CI) for each sample is listed. 

 

Sample # 
FA in 
Retina 

FA in  
VH 

R2 Diff between upper 
and lower slopes of 
95% CI band 

1 0.71 0.14 0.98 0.704 
2 0.67  0.12 0.97 0.352 
3 0.77  0.14 0.88 0.544 
4 0.69  0.11 0.64 0.959 
5 0.73  0.15 0.96 1.255 

Mean FA ± SD 0.71 ± 0.04 0.13 ± 0.02   
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Table 3-2. Individual FA values in retinas and vitreous humor (used as an internal 
control) of diabetic eyes. The R2 values of each curve (from Figure 3-7) are 
listed. The difference between the upper and lower slopes of the 95% 
confidence interval (CI) for each sample is listed. The number of days that 
each animal had a blood glucose level of 300 mg/dl and above is also listed.  

 

Sample # FA in Retina FA in VH R2 

Diff between 
upper and lower 
slopes of 95% CI 
band 

# days blood 
glucose level > 
300 mg/dl 

1 0.55 0.14 0.65 2.87 13 
2 0.54 0.16 0.29 2.38 26 
3 0.47 0.14 0.21 2.74 31 
4 0.53 0.13 0.26 3.13 44 
5 0.46 0.11 0.70 2.46 12 

Mean FA 

± SD 

0.51 ± 0.04 0.14 ± 0.02    
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CHAPTER 4 
REPAIR OF RETINAL PIGMENT EPITHELIUM (RPE) LAYER USING 

HEMATOPOIETIC STEM CELLS 

Background and Significance 

Found in the bone marrow, hematopoietic stem cells (HSCs) give rise to all blood 

cell types (Müller et al., 2002; Müller-Sieburg et al.,1992). Adult HSCs are restricted in 

their capacity to differentiate unlike embryonic stem cells which have the ability to 

differentiate into all lineages (Sengupta et al.,2003; Sengupta et al.,2009).  HSCs can 

be programmed to differentiate into specific tissue by transducing them with vectors 

expressing specific genes. The ability to control the differentiation of adult hematopoietic 

stem cells (HSCs) would promote development of new cell-based therapies to treat 

multiple degenerative diseases.   

Degenerative diseases of the eye, particularly those involving damage to or loss of 

the retinal pigment epithelium (RPE) or the retina, are a major health complication 

associated with aging and diabetes. The RPE layer is a thin lining at the posterior 

section of the eye. The retina is supported and nourished by this cell layer. Being an 

important part of the ocular anatomy, there is a dire need for methods of repairing 

damaged RPE. Fortunately, mouse models exist for RPE damage that can be exploited 

for new experimental therapeutic cell-based strategies. We hypothesized that in 

hematopoietic stem cells (HSCs), the expression of a gene that is both unique to a 

terminally differentiated cell type and a transcriptional modulator would shift the balance 

toward differentiation of HSCs into that unique cell type. Thus, by promoting HSC 

differentiation more readily into the obligatory cell type, the repair process could be 

enhanced. We selected the eye not only because of the increasing number of 

individuals with vision-threatening conditions, but also because the eye serves as an 
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ideal model system; the retina is highly specialized, allowing precise identification and 

localization of stem cell–derived tissue. The retina is critically dependent on RPE cells, 

which help to maintain neural retinal structure and function, and if damaged lead to 

retinal degeneration and vision loss. One candidate for directing HSC differentiation into 

RPE is the RPE-specific protein RPE65. The RPE65 is short for “retinal pigment 

epithelium-specific protein 65kDa”. The RPE65 protein is responsible for converting light 

entering the eye into electrical signals that are transmitted to the brain. The light-

sensitive pigments in the retina convert a molecule known as 11-cis retinal to another 

molecule called all-trans retinal. This conversion triggers a chemical reaction that 

creates the electrical signals detected by the brain.  Hence RPE65 is critical for the 

normal formation of 11-cis-retinal, and thus for photoreceptor function. In addition, 

RPE65 modulates the availability of retinoic acid, a known transcriptional regulator and 

differentiation inducer (Gollapalli et al.,2004). 

The Grant group at University of Florida has used HSCs to provide repair functions 

to ruptured bruch’s membrane after laser-induced injury in a model of choroidal 

neovascularization (Chan-Ling et al.,2006). They have further been able to restore 

visual function in mice impaired by retinal degeneration using HSCs to repair the retinal 

pigment epithelium (RPE) layer (Sengupta et al.,2009). Their previous studies used 

systemic injection of sodium iodate (NaIO3) to ablate the retinal pigment epithelial 

(RPE) layer in C57BL6 mice and initiate neural retinal degeneration. The HSCs were 

infected ex vivo with lentiviral vectors expressing the RPE-specific gene RPE65, leading 

to their differentiation into RPE cells thereby repairing this layer of the retina. 
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The aim of this study is to investigate the capability of HARDM techniques to 

observe the repair of the RPE layer using a transgenic murine model of retinal 

degeneration (rd11). The key finding in this study is that the differences in fractional 

anisotropy values across various groups provide an indication of the condition of the 

RPE layer. HARDM is successful in tracking the repair of the RPE layer. Further 

research in this line aims to establish the use of HSCs in restoring visual function and 

using DTI as a non-invasive tool to track the progress of stem cells in vivo. 

Methods 

All animal protocols were in accordance to the University of Florida Institutional 

Animal Care and Use Committee (IACUC) guidelines. All image processing was done 

using fanDTasia software described in Chapter 2.  

Animal Preparation 

The mouse model used was a retinal degeneration model (rd11) described by the 

Davisson group at Jackson laboratories (Hawes et al.,2002). The HSC infection 

technique used was the same as described in Sengupta et al.(Sengupta et al.,2009). Ex 

vivo HSC gene transfer with either retrovirus or lentivirus (LV) is typically followed by 

drug resistant selection in order to ensure that 100% of the infected HSCs are 

expressing the transgene and to expand the cell population prior to administration to 

ensure sufficient numbers of cells to repair the damaged tissue. This approach requires 

cell proliferation without induction of cell differentiation. The LV infection protocol 

minimized exposure of the cells to ex vivo culturing conditions. Specifically, the cells 

were centrifuged at 300g for 5 minutes, the supernatant removed, and the cells 

resuspended in Dulbecco’s modified Eagle’s medium (high glucose), polybreen (10 

μg/ml) plus 10% fetal bovine serum to a final cell concentration of 5 × 104 cells/ml. 
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The study samples were divided into 4 groups, each with N=3.  

 Group 1 spontaneously developed retinal degeneration (rd11) that received by 
intravitreous injection, 5,000 purified c-kit+/Sca-1+ bone marrow-derived HSCs 
that were transduced with lentiviral vector expressing the RPE65 gene.  

 Group 2 were rd/rd mice that received by systemic (intravenous) injection of 
15,000 purified c-kit+/Sca-1+ bone marrow-derived HSCs transduced with 
lentiviral vector expressing the RPE65 gene. This was to test if the systemic 
route differed in its effect from local injection (i.e. at the site of injury).   

 Group 3 were untreated controls with healthy retinas. 

 Group 4 were rd/rd animals that received by intravitreous injection, 10,000 
purified c-kit+/Sca-1+ bone marrow-derived HSCs transduced with lentiviral 
vector expressing the LacZ gene (as a control for transduction) 

MR Imaging  

The sample preparation for the excised eyes prior to MR imaging is the same as 

described in Chapter 2. All samples were scanned using a 17.6T, 750 MHz Bruker 

spectrometer at the Advanced Magnetic Resonance Imaging and Spectroscopy 

(AMRIS) Facility in the McKnight Brain Institute at the University of Florida, Gainesville, 

FL. A 21-direction high angular resolution diffusion microscopy (HARDM) sequence was 

used with the following typical parameters: TR=2500 ms, TE=15.96 ms, SW=50 kHz, 

gradient strength = 800 mT/m, Δ=10 ms, δ=1.5 ms, b value = 1000 s/mm2, NA=6, slice 

thickness = 0.25 mm, matrix size=128 x 128, FOV= 4 mm x 4 mm, spatial resolution = 

31 µm, total acquisition time = 12 hours. A rank-2 tensor model was used as the fitting 

function for the HARDM data and the spherical coordinates used for the acquisition 

have been previously described by Özarslan et al. (Özarslan and Mareci, 2003; 

Özarslan et al., 2005). 

All data processing was performed using fanDTasia. Image processing and 

analysis techniques were the same as that used in Chapters 2 and 3. 



 

118 

Results 

Figure 4-1 is a comparison of the RPE layer of mice from different groups studied 

by Sengupta et al (Sengupta et al., 2009). Panel A shows a normal uninjured eye 

stained with hematoxylin and eosin depicting integrity of the RPE layer and 

photoreceptors. Figure 4-1B is an eye with a damaged RPE layer where it is injected 

with LacZ infected HSCs. LacZ was generated as a control or companion recombinant 

virus. Figure 4-1C is a repaired RPE layer after being injected with RPE65 infected 

HSCs.  

Figure 4-2 and Figure 4-3 are HARDM images of eyes from group 1 and group 2 

respectively clearly showing repaired RPE layers. No significant differences were 

observed in FA means or in the organizational structure of the retina between these 

groups. HARDM data as well as the mean FA in group 3 indicate good retinal integrity 

as is expected since the eye samples were obtained from untreated control animals. 

HARDM of eyes from group 3 are not shown in this chapter since they are similar to 

control eyes from chapter 3. In group 4, the retinas exhibit loss of organizational 

structure due to the disruption in the RPE layer as can be seen from Figure 4-4. The 

mean FA of the retinas in group 4 was significantly lower than each of the previous 

groups (groups 1, 2 and 3). In this case, the depleted RPE layer (denoted by the red 

circle) is clearly detected. Figure 4-5 is a comparison of the FA in the retinas of Groups 

1, 2, 3 and 4. 

The angles between consecutive eigenvectors in the retina (in selected quadrants 

of each sample) were plotted using the same method described in chapter 3. We had 

observed in our earlier studies that the points obtained from control eyes followed a 

linear regression which was close to the reference line. The reference line is a result of 
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perfectly aligned vectors. The graphs obtained by similar methods for each group are 

shown in Figures 4-6, 4-7, 4-8 and 4-9 respectively.  A 95% confidence interval for each 

individual sample is shown.  

Discussion 

HSCs have been used for their ability to replenish and restore function in various 

cell types (Müller-Sieburg et al., 1992). They are also known for their ability to multiply 

into daughter cells to a very large extent (Grant et al., 2002). The Grant group has used 

HSCs to repair the Bruch’s membrane which was previously ruptured using a laser 

injury (Chan-Ling et al., 2006). They have further been able to restore visual function in 

mice impaired by retinal degeneration (Sengupta et al., 2009). As previously shown, 

treatment of mice with a single dose of 100 mg/kg of sodium iodate resulted in rounding 

up, detachment, and loss of RPE cells by 7 days after treatment (Mizota et al., 1997). 

This neural retinal degeneration was initiated by systemic injection of sodium iodate 

(NaIO3) to ablate the RPE, which was in turn repaired using HSCs. In this study, we, in 

collaboration with the Grant group, used rd11 mice which are genetically altered to have 

ablated RPE layers. To enhance the reparative capacity of adult HSCs, the HSCs were 

programmed for cellular fate required to repair the specific injured tissue - in this case, 

the cells of the depleted RPE layer. This process requires not only precise 

differentiation into RPE cells but also sufficient HSC recruitment and proliferation at the 

site of injury to restore proper tissue function. RPE65 is critical for the normal formation 

of 11-cis-retinal, and thus for photoreceptor function. RPE65 has secondary functions 

and important roles in development that enable it to serve outside the visual cycle. The 

RPE-specific gene (RPE65) contains the RPE65 protein which is responsible for 

converting light entering the eye into electrical signals that are transmitted to the brain. 
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The HSCs were infected ex vivo with lentiviral vectors expressing RPE65, leading to 

their differentiation into RPE cells thereby repairing this layer of the retina. Histological 

validation of the repair process has been documented (Sengupta et al., 2009). Recent 

studies have used diffusion techniques to study the repair of the spinal cord (Kamble et 

al., 2011), and other tissue but they have not been applied to track stem cell therapy 

before.  

HARDM techniques established in chapter 2 of this dissertation were successfully 

used to investigate the capability of HSCs to repair the RPE layer. In our previous 

studies (Chapter 2 and 3), we have shown that HARDM techniques are capable of 

detecting irregularities in retinal integrity. Fractional anisotropy, which is a tested 

parameter for detecting structure, is used in this study as well. The key finding is that 

the differences in FA values across various groups provide an indication of the condition 

of the RPE layer. The retinas in groups 1 and 2 were found to be comparable to group 3 

(untreated controls). This is apparent visually from the images as well as from the mean 

FA in each group. This is an indication that the genetically modified HSC infected with 

the RPE65 gene contribute positively to the repair process of the RPE layer. The FA in 

group 4 was found to be significantly less than each of the other three groups. This is 

not unexpected, as the LacZ gene is not known to have any effect on the reparation 

process of the RPE layer. Our HARDM techniques are successful in detecting 

differences between the repaired versus unrepaired RPE layers. Groups 1 and 2 do not 

show any significant difference in their organizational structure or their mean FA’s. 

Given these results, it may be assumed that the repair mechanism or rate of repair is 

independent of the route of administration of stem cells. As is expected, in the samples 
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in group 4, the LacZ gene is not capable of restoring the RPE layer and this is readily 

apparent due to the lack of organizational structure in the RPE (Figure 4-4). The mean 

FA in this group is significantly lower than the FA in groups 1, 2 and 3. As a high FA 

value is attributed to the presence of organized structure, this is a direct indication of 

loss of organized structure in the RPE layer. This finding corroborates with the findings 

proposed by Sengupta et al. (Sengupta et al., 2009). 

As we have previously observed in our diabetic retinopathy studies (Chapter 3), 

the linear regression curves are a very good indication of the condition of the retina, and 

in this case, the RPE layer. It was observed that the curves in groups 1, 2 and 3 

followed a linear regression with high values of R2. Group 4 on the other hand, 

demonstrated curves which did not follow a linear regression, and consequently had 

much lower R2 values as compared to the other groups. Moreover, in the case of group 

1 through 3, the 95% confidence intervals include most of the data points. This shows 

that there is excellent goodness of fit for these groups. In the case of group 4, it is quite 

the opposite. The R2 values are also significantly less for this groups indicating loss of 

structure in the retina.  

Further research in this line of work would aim to use non-invasive in vivo MRI to 

track the restoration process initiated by the HSCs. The key to making this possible in 

clinical practice is to first achieve the ability to observe these changes in the murine 

retina in vivo. The studies described in this chapter being ex vivo in nature, use long 

scan times. For in vivo imaging, many aspects will need to be addressed including 

developing pulse sequences to reduce scan times while maintaining image quality and 

developing special RF coils capable of the high sensitivity essential for these studies. 
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Once these preclinical studies are successful, steps may be taken to translate this 

research onto a clinical setting. This would not only establish the use of HSCs in 

restoring visual function, but also demonstrate the use of diffusion MRI in stem cell 

therapy.  
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 A 

 B 

 C  

Figure 4-1. Comparison of the RPE layer of mice from different groups studied by 
Sengupta et al. (Sengupta et al., 2009). A) Normal uninjured eye stained with 
hematoxylin and eosin showing integrity of the RPE layer and photoreceptors. 
B) An eye with a damaged RPE layer where it is injected with LacZ infected 
HSCs. C) A repaired RPE layer after being injected with RPE65 infected 
HSCs. 
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Figure 4-2. HARDM of eye from Group 1, which is a representative of a restored RPE 

layer. Yellow arrows indicate the RPE layer.  
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Figure 4-3. HARDM of eye from Group 2, which is a representative of a restored RPE 
layer. Yellow arrows indicate the RPE layer. 
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Figure 4-4. A retina from group 4 is shown. HARDM detects loss of structure due to a 
depleted RPE layer shown by yellow arrows.  
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Figure 4-5. Comparison of FA in the retinas of repaired RPE layer (Groups 1, 2), 
Untreated controls (Group 3) and ablated RPE layer (Group 4) 
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Figure 4-6. Group 1: The angles (θ) made by consecutive eigenvectors to the reference 

line is plotted for each eigenvector lying in the selected quadrant. The dotted 
red  line is used as a reference as it would be the result of perfectly aligned 
eigenvectors. 
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Figure 4-7. The group 1 distributions of points in individual samples are compared. 95% 

confidence intervals for each trend line are also displayed. 
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Figure 4-8. Group 2: The angles (θ) made by consecutive eigenvectors to the reference 

line is plotted for each eigenvector lying in the selected quadrant. The dotted 
red  line is used as a reference as it would be the result of perfectly aligned 
eigenvectors. 
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Figure 4-9. The group distributions of points in individual samples are compared. 95% 

confidence intervals for each trend line are also displayed. 

  

θ
 (

D
e
g

re
e
s
) 

θ
 (

D
e
g

re
e
s
) 

θ
 (

D
e
g

re
e
s
) 

θ
 (

D
e
g

re
e
s
) 



 

132 

 
 

 
Figure 4-10. Group 3: The angles (θ) made by consecutive eigenvectors to the 

reference line is plotted for each eigenvector lying in the selected quadrant. 
The dotted red line is used as a reference as it would be the result of perfectly 
aligned eigenvectors. 
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Figure 4-11. The group 3 distributions of points in individual samples are compared. 

95% confidence intervals for each trend line are also displayed. 
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Figure 4-12. Group 4: The angles (θ) made by consecutive eigenvectors to the 

reference line is plotted for each eigenvector lying in the selected quadrant. 
The dotted red line is used as a reference as it would be the result of perfectly 
aligned eigenvectors. 
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Figure 4-13. The group 4 distributions of points in individual samples are compared. 

95% confidence intervals for each trend line are also displayed.  
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Table 4-1. Mean FA values in the retina of each sample (for all groups) along with the 
corresponding R2. 

 

Sample # FA in Retina R2 

Group 1   
1 0.70 0.77 
2 0.74  0.81 
3 0.63  0.82 

Mean FA ± SD 0.69 ± 0.05  

Mean R2  0.80 ± 0.03 

   
Group 2   
1 0.79 0.87 
2 0.74 0.85 
3 0.8 0.79 

Mean FA ± SD 0.77 ± 0.03  

Mean R2  0.83 ± 0.04 

   
Group 3   
1 0.69 0.89 
2 0.73 0.87 
3 0.71 0.94 

Mean FA ± SD 0.71 ± 0.02  

Mean R2  0.90 ± 0.04 

   
Group 4   
1 0.29 0.05 
2 0.54 0.018 
3 0.58 0.35 

Mean FA ± SD 0.47 ± 0.15  

Mean R2  0.14 ± 0.18 
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CHAPTER 5 
LABELLING OF STEM CELLS WITH MONOCRYSTALLINE IRON OXIDE 

NANOPARTICLES (MION) FOR TRACKING AND LOCALIZATION BY MAGNETIC 
RESONANCE IMAGING 

Background and Significance 

The project described in Chapter 4 successfully establishes the fact that 

hematopoietic stem cells are able to repair the retinal pigment epithelium layer in a 

murine model of retinal degeneration. Another approach to tracking the migration of 

epithelial stem cells was taken by way of labeling or tagging the stem cells with 

nanoparticles which are detectable in MRI. In this study, endothelial progenitor cells 

(EPCs) were labeled in vitro and injected into the target area. These then migrated to 

the specific site of the damaged tissue in order to repair the retinal pigment epithelium.     

While stem cell therapy has succeeded in facilitating tissue regeneration and 

promoting healing, reproducible clinical benefits have remained elusive for reasons that 

have not yet been defined (Deans et al.,2000; Pittenger et al.,1999). Studies by the 

Grant group and others have demonstrated that very few stem cells localized within a 

precise target area are sufficient to accelerate tissue repair (Espinosa-Heidmann et 

al.,2003; Espinosa-Heidmann et al.,2005).  On the other hand, other reports 

demonstrate that aberrant localization of active stem cells can reduce therapeutic utility 

(Barbash et al.,2003).  Given the additional, well established fact that hematopoietic 

stem cells (HSC) must migrate to areas of injury to initiate the repair process, the ability 

to track the migration of stem cells would greatly enhance their therapeutic utility. 

Moreover, because HSC and most other stem cell populations possess vast potential 

for self-replication, it is critical to be able to document the precise number of stem cell 

present, localize these cells and establish their viability after infusion. Therapeutic 
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success will increase as methods are developed to optimize localization of infused cells 

and to direct infused stem cells to specific targets. One stem cell population with 

marked clinical utility is bone marrow-derived stem cells (BMDC). These cells contribute 

to revascularization of wounds and damaged tissues. Numerous animal models have 

demonstrated the ability of transplanted marrow-derived progenitors to accelerate 

revascularization and promote healing after they home to sites of damage. Homing of 

these cells is influenced by numerous factors, including alterations in the extracellular 

environment and the presence of physical barriers such as disrupted tissues, neoplastic 

cells, scarring, and altered oxygen content. Moreover, loss of blood flow results in areas 

of ischemia which compromise the delivery of BMDC to sites of injury. As few as 5 stem 

cells within an area of 100 μm2 readily accelerate tissue repair and provide as many as 

half of the cells that contribute to new vessel development (Chan-Ling et al.,2006; 

Harris et al., 2006). 

To date, only a few methods (Shapiro et al.,2006; Heyn et al.,2006; Stroh et 

al.,2005) have been developed to localize very low numbers of engrafted stem cells. 

Thus novel strategies to detect small numbers of transplanted stem cell populations 

such as BMDC are greatly needed. Stem cells are often confined within a small but 

critical area before they avidly proliferate, differentiate, and finally assemble into 

functional tissues. The development of methods to localize these cells would help 

identify aberrant localization of transplanted stem cells. Here, we present a possible 

solution to this problem that employs high-field strength magnetic resonance imaging of 

stem cells prelabeled with monocrystalline iron oxide. 
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Magnetic resonance imaging (MRI) is widely used in clinical settings due to its 

excellent soft-tissue contrast, high anatomical detail and minimal invasiveness. MRI 

sensitivity is improving by increasing signal-to-noise ratio (SNR) through use of higher 

magnetic field strengths, high performance gradients, and better radio frequency (RF) 

coils  (Beck et al.,2002), all of which enable better resolution in a shorter time. High-field 

(≥3 T) MRI offers the advantage of noninvasive monitoring of transplanted cells with a 

resolution of 25 to 50 μm, approaching the size of single cells. Transplanted cells must 

be labeled with a MR contrast agent in order to be visualized. Among the several MR 

contrast agents available, monocrystalline iron oxide nanoparticles (MION) have been 

successfully used for cell tracking in vivo (for review, see references Bjornerud and 

Johansson, 2004; Bulte and Kraitchman, 2004;Wu et al., 2004).. MIONs are an 

attractive contrast agent because of their small size (5–30 nm) and because their 

cellular uptake occurs by adsorptive pinocytosis (Allen and Meade, 2003; Bulte et al., 

2002; Dodd et al., 2001; Frank et al., 2003; Sundstrom et al., 2004; Weissleder, 1999; 

Weissleder and Mahmood, 2001), minimizing cell alterations. 

In this report, we evaluated the utility of MION labeling for assessing the 

distribution of a well characterized human CD133+, CD14−, and CD34+ stem cell 

population by MRI. We optimized the clinical applicability of our approach by not utilizing 

any agents to specifically enhance MION uptake by these cells. We assessed the 

effects of MION labeling on various aspects of cell function and used MRI to evaluate 

cell numbers and distribution. 
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Methods 

MION Synthesis 

MIONs were prepared as previously described (Kang,Y.S. 1996)  by mixing FeCl2 

and FeCl3 solutions with NaOH solution yielding a precipitate of Fe3O4 (FeO/Fe2O3). 

The precipitate was collected via centrifugation and neutralized with HCl. Cationic 

colloidal nanoparticles were separated by centrifugation and stabilized with 1 M sodium 

citrate. Resultant MIONs were dialyzed against 0.1 M sodium citrate (pH 7.0) resulting 

in a brown transparent solution. The particle size of the MION preparation was 

determined by transmission electron microscopy (TEM), and was estimated to be 

approximately 4 nm. The iron concentration of MION solutions was determined using a 

Cary 100 UV–Vis spectrophotometer. Solutions were acidified with HCl, buffered with 

sodium citrate (pH 4.0) and the iron was fully reduced to Fe2+ with 0.5 M hydroquinone. 

o-phenanthroline dye (20 mM) was used to form a colored complex with Fe2+ complex, 

and the iron concentration was calculated based on the absorbance measurement at 

580 nm (Oca-Cossio,J. 2004) . 

Ex Vivo Imaging 

Magnetic resonance images were acquired using a wide bore (89 mm) 750 MHz 

magnet employing a Bruker Avance™ console. The RF power was adjusted to provide 

a 30° tip angle. The field of view was set at 19 mm×19 mm, and the matrix size was 

512×400, to yield an in-plane resolution of 37 μm×48 μm. The slice thickness was set at 

180 μm, the repetition time was 1.7 s, the echo time was 15 ms, and the number of 

averages was 6. Total time for imaging was 1 h and 9 min, unless otherwise specified. 

To test the feasibility of imaging single MION-labeled cells, stem cells were labeled as 

described above and then dispersed at an extremely low density of approximately 200 
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cells/ml in 2% agarose gel in a 5 mm NMR glass tube. The individual 5 mm vials were 

placed inside a 20 mm NMR tube along with two 5mm marker vials. One marker vial 

contained a capillary tube and one was filled with Fluorinert™. These markers were 

used to ensure proper identification of the vials in post-processing. The agar samples 

were imaged using T2-weighted gradient echo imaging techniques. In order to provide 

direct evidence that the areas of decreased image intensity corresponded to MION 

located within labeled stem cells, cells were plated on fibronectin-coated coverslips and 

examined using MRI and light microscopy. 

Detection of MION-labeled Stem Cells in Mouse Hind Limb  

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME).  

Hind limbs were injected intramuscularly at three sites with specific numbers of MION - 

labeled circulating CD34+ cells from pooled healthy human donors (Lonza, Rockland, 

ME) as indicated, suspended in 50 l of saline.  Imaging was performed on three mice 

(Figure 5-2), approximately 1 hour post-injection, using a gradient echo technique to 

enhance detection perturbations in T2.  The field of view was 2 cm x 1.2 cm, and a 256 

x 128 matrix was employed, yielding an in-plane resolution of 78 m x 94 m.  The 

tissue slice thickness was 700 m and the repetition time was 300 ms.  Echo time was 

varied from 5 ms to 12 ms in 1 ms increments. Two days post-imaging, mice were 

sacrificed and hind limbs fixed in 4% paraformaldehyde for histological analisys as 

described below. 

Murine Model of Choroidal Neovascularization (CNV)  

C57BL/6J mice (n=3/condition) (wild type, WT) (Jackson Laboratory) 6–8 weeks of 

age, were treated with laser photocoagulation in a manner similar to that used by (Ryan, 
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SJ 1979) and previously described by (Sengupta et al., 2003).  Briefly, each eye 

received three laser burns to rupture Bruch's membrane, resulting in a bubble over the 

ruptured area. The right eye of either laser injured or non-injured animals were 

intravitreally injected with 50,000 human CD133+, CD14−, and CD34+ MION-labeled 

stem cells resuspended in 2 μl saline while corresponding left eyes were injected with 

unlabeled stem cells or saline. All animals were imaged at 24 and 48 h after laser injury 

and stem cell injection. The overall in vivo setup included respiration monitoring, 

anesthesia and heating pads for the mice. The parameters used were TR=5000 ms, 

TE=10 ms, matrix size=512×256, FOV=1.2 cm × 0.9 cm and slice thickness=0.25 mm. 

At the time of euthanasia, the eyes were enucleated and incubated in 4% 

paraformaldehyde for 1 h and rinsed in PBS for 30 min before paraffin embedding. 

All statistics involving the plotting of linear regression curves and confidence 

intervals was performed using Microsoft® Excel 2010 and Graphpad Prism® 5, a 

software for performing statistical analysis. 

Results 

Optimization of Stem Cell Labeling 

Figure 5-1 illustrates how MION labeling allows imaging of a single stem cell in 

vitro. A) Stem cells were labeled with increasing concentrations of MION (as indicated), 

dispersed in 2% agar, and placed in NMR tubes for imaging. Blank: agar alone. Control 

1: unlabeled cells. Fluorinert and H2O were used as controls for MRI. Shown is a 

representative slice through the tubes. B: Close-up of tube # 5 in panel A. MION-labeled 

cells are indicated (arrows). The larger dark spots represent air bubbles that formed 

during agar solidification. C and D: Stem cells cultured on fibronectin-coated coverslips 

were incubated in medium without (C) or in the presence of (D) MION overnight. After 
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extensive washes to remove non-internalized MION, samples were fixed in 4% 

paraformaldehyde and then imaged as described. Small areas within the coverslip were 

characterized by a decrease in image intensity, consistent with the presence of MION 

(D). E and F: The same samples shown in panels C and D, where stained for iron. 

Data in the hind limb model reported herein support our contention that a very 

small number of human stem cells, perhaps as few as 5 cells, can be detected in vivo 

by this approach (Figure 5-2).  

In Vivo Imaging 

Our initial scans (Figure 5-3) were successful in achieving the resolution and depth 

penetration required to visualize the anatomy of the mouse eye. These imaging 

parameters were in turn employed to track the migration of the stem cells towards the 

site of injury (Figure 5-4). Panel A shows a mouse eye intravitreally injected with 

unlabeled stem cells and imaged by MRI at 24 hours following injection. B: The MION-

labeled cells are localized to the edge of the lens more anterior in the uninjured eye. C: 

Intravitreal injection of MION-labeled stem cells into mouse eyes that underwent rupture 

of Bruch's Membrane (3 burns) and imaged at MRI 24 hours following lasering. The 

MION-labeled cells are localized to the edge of the lens in the posterior region of the 

eye beginning to incorporate into the retina and traversing the retina toward the area of 

injury. D: Intravitreal injection of unlabeled CD34+ cells into a mouse eye 24 hours 

following injection. Dotted circles enclose MION-labeled cells. 

Discussion 

Stem and progenitor cell therapies have shown success in regeneration and repair 

of damaged tissue, but one difficulty encountered in optimizing these techniques is the 

inability to follow the fate of the transplanted stem cells in the recipients (Daldrup-Link et 
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al., 2005).  To date, a wide spectrum of in vivo cell-tracking techniques are available. 

However, all have limitations usually associated with inadequate contrast and potential 

radiation damage. While the use of scintigraphic techniques to track labeled cells 

provides increased sensitivity in isolated tissue (Kiessling et al., 2008; Thompson et al., 

2005) , these techniques do not provide the spatial resolution that is possible with high-

field MR,  (Badea et al., 2008; Herschman et al., 2003). Reporter genes, while providing 

much greater sensitivity for identifying labeled cells, generally lack spatial specificity for 

in vivo detection. MR imaging is well-suited for this task, because it can enable both 

whole-body examinations and subsequent detailed depictions of host organs with near-

microscopic anatomic resolution and excellent soft-tissue contrast. In addition, MR 

imaging allows repetitive investigations without known side effects and without risking 

radiotoxic damage to the transplanted cells. However, to visualize and track stem and 

progenitor cells, they must be labeled with MR imaging contrast agents. The 

development of dedicated labeling techniques has been investigated (Bulte et al., 2004; 

Crich et al., 2004; Winnard et al., 2003). Cell-labeling techniques are restricted by the 

concentration of internalized contrast agent which limits sensitivity for detection by MRI. 

This constraint can be overcome by using very high magnetic field strengths (Lewin et 

al., 2000). In both experimental and clinical settings, cellular MRI offers the advantage 

of non-invasive monitoring of the distribution of transplanted cells in real time at a 

resolution of less than 25 to 50 μm, a size that approaches the goal of identification of a 

single cell. Among the several MRI contrast agents available, MIONs have been 

successfully used to magnetically label cells (Bjornerud et al., 2004; Bulte et al., 2004; 

Wu et al., 2004). They are our contrast agent of choice because of their small size (5 to 
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30 nm) and because, in stem cells, MION are internalized without use of transfection 

agents or other agents that disrupt cell membranes. Both particle size and coating 

(citrate, carboxydextran, or others) impact the route (pinocytotic, phagocytotic, etc.) and 

efficacy of uptake in different cell lines (Rogers et al., 2006). The optimal choice for 

labeling of a particular type of cell will be dependent upon these factors and the 

requisite sensitivity that is needed. The particles we used were comprised of a 4 nm iron 

oxide core with an anionic citrate coating, resulting in a hydrodynamic diameter of 

approximately 8 nm. Paramagnetic iron oxide particles in use for magnetic resonance 

contrast range from ultrasmall superparamagnetic iron oxide (USPIO; b40 nm) to 

superparamagnetic iron oxide (SPIO; usually characterized as 100–300 nm) to 

micrometersized particles (MPIO; ≥1 μm). The purpose of the present study was to 

evaluate the effects on cell viability and sensitivity for detection of one species of iron 

oxide contrast agent — one which has been identified in previous studies to permit 

detection of small numbers of cells (Heyn et al., 2006; Stroh et al., 2005). Susceptibility-

based detection methods, especially with paramagnetic agents, result in local field 

perturbations that are reflected by regions of decreased image density that may extend 

far beyond the image location of the agent itself. In the case of the in vitro experiments 

reported here, we sought to minimize this problem by serial dilution of the cell 

suspensions to yield very low density in both the agar and coverslip preparations. 

Moreover, the choice of echo time (15 ms) at this field (17.6 T) was chosen to maintain 

spatial information (i.e., longer echo times resulted in much larger areas of decreased 

image intensity). Combined with validation by light microscopy on the same coverslip 

preparations, we are confident that we have detected single cells labeled with MION at 
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this field. Here, we show for the first time that MION labeling, using this preparation, did 

not reduce viability of human stem cells; however, at higher MION concentrations, we 

observed an increase in early apoptosis. In vitro cell migration and behavior in short 

term culture was indistinguishable from that of unlabelled cells. Furthermore, we 

demonstrate in vitro the detection of MION within single stem cells while, in vivo, we 

found that very small numbers of stem cells could easily be localized by this method. 

Successful stem cell therapy is likely to depend on the localization of small numbers of 

cells, therefore the results we present are of particular importance. These results 

support that MRI represents a technique that offers the advantage of non-invasively 

monitoring a small number of stem cells which is essential for precise definition of the 

distribution of injected cells, an endeavor which will allow optimization of stem cell 

therapy and answer key questions that may explain the failure and inconsistent results 

reported in many studies undertaken to date. 

Moreover, since stem cells possess a tremendous ability to self replicate, it is 

important that they are transplanted in the correct location. Thus, strategies to localize 

stem cells have great therapeutic significance. The method we report will allow 

realization of that goal. In our study, we employed a stem cell population that is known 

to differentiate into endothelial cells and directly revascularize areas of injury as well as 

provide a source of paracrine factors that promote vessel repair as well as maintain 

vascular health. EPC display a potential for repair of damaged vasculature, a major 

cause of morbidity and devastating pathology in eyes and other organs. The ability of 

these cells to migrate to the area where they are needed for repair is often altered in 

disease states that led to the initial damage, such as diabetic retinopathy, wounding or 



 

147 

infection. Using a well-defined model of vascular eye injury previously developed in our 

labs, we successfully employed MRI to assess the migration of stem cells within the eye 

as they homed to foci of injury where they can facilitate vascular repair (Grant et al., 

2002). These results confirm our conclusion that MR imaging of stem cells is extremely 

effective in tracking the distribution and subsequent migration of stem cells in a delicate 

therapeutic setting, and will provide a means to allow further optimization of the 

localization of infused stem cells.  

Future applications of this technology may include in vivo monitoring of new cell-

based therapies, such as homing of mesenchymal stem cells in injured myocardium, 

homing of neurologic stem cells in impaired brain tissue, and evaluation of 

revascularized ischemic limbs. Specifically, MION-labeled stem cells may be used in the 

future to monitor the therapeutic success of revascularization in the myocardium and 

extremities. Furthermore, due to its high level of safety for human subjects, high-field 

MRI is becoming optimum clinical standard in both the US and Europe. The recent 

decision by the United States Food and Drug Administration (FDA) to remove the 

investigational approval requirement for fields ≤8 T reflects this trend. 

In conclusion, iron oxide-labeled human stem cells show excellent viability and 

function and can be detected non-invasively in vivo with sub-millimeter anatomic 

resolution by using 11 T MR imaging equipment demonstrating that this cell-tracking 

technique has clinical applicability. MION may provide biological insights relevant for the 

development of new cell-based therapies and may be generally suited to monitor stem 

cell homing and engraftment in patients. 
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Figure 5-1. In vitro MR Imaging of labeled and unlabeled stem cells. (Li Calzi at al., 
2009). A) Stem cells labeled with increasing concentrations of MION, B) 
Close-up of tube # 5 in panel A. MION-labeled cells are indicated (arrows). 
The larger dark spots represent air bubbles that formed during agar 
solidification. C,D) Stem cells cultured on fibronectin-coated coverslips were 
incubated in medium without MION (C) and in the presence of MION (D).  
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Figure 5-2. Injection of MION labeled stem cells in a mouse hind leg, (Li Calzi at al., 
2009). A) Injected with varying levels of stem cell concentration. B, C, D) 
Magnification of injection sites shows increased signal dropout with more 
stem cells (B) I-5: Injected 5 cells; (C) I-50: Injected 50 cells; (D) I-500: 
Injected 500 cells. MION concentration is same in all cases 
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Figure 5-3. In vivo scan of a healthy control mouse eye. Imaging parameters were 

TR=5000 ms, TE=9 ms, Matrix size = 512 x 256, NA=4, SW=101kHz, 
FOV=1.2 cm x 0.90 cm, slice thickness=0.25 mm 
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Figure 5-4. In vivo tracking of stem cells injected in murine eyes with different 

conditions. Parameters used were TR=5000 ms, TE=10 ms, matrix 
size=512×256, FOV=1.2 cm × 0.9 cm and slice thickness=0.25 mm. Dotted 
circles enclose MION-labeled cells.  
A) No Laser Injury, Injection of MION labeled EPCs, Imaged at time=24 hrs. 
B) Laser Injury, Injection of MION labeled EPCs, Imaged at time=24 hrs.  
C) No Laser Injury, Injection of MION labeled EPCs, Imaged at time=24 hrs. 
D) Laser Injury, Injection of MION labeled EPCs, Imaged at time=24 hrs 

  

A B 

D C 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Magnetic Resonance Imaging has come a long way from its early days in the 

1970s when the first MR images were presented to the world. At that time it was 

considered a long shot from being taken seriously as an imaging modality of any clinical 

importance. Not only has that happened today, MRI today is considered as one of the 

premier methods of diagnosis, especially for detecting anatomical anomalies. Diffusion 

Tensor Imaging was introduced in the early 90’s originally to understand connections 

between nerves in the brain due to its capability to visualize water diffusion in restricted 

tissue. Today it is widely used to understand anatomy and physiology which aid the 

medical field and drug discovery process. The topics studied in this dissertation focus 

on identifying and characterizing biomarkers for various pathologies which may 

contribute significantly to early detection of diseases and treatment methods.  

Chapter 1 includes some important concepts and techniques that were employed 

in order to acquire data for this dissertation. Though the projects in this dissertation are 

essentially application based studies, understanding and revisiting the basic physics of 

MRI is vital to have a clearer understanding of the overall scope of the studies. In 

chapter 2, the ability of magnetic resonance microscopy to observe fine anatomical 

detail showing distinct retinal cell layers without the need for tissue staining or 

destruction is explored. Various methods to overcome artifacts such as truncation 

artifacts often observed in anatomical images were discussed. An important preliminary 

phase of the project was to test the feasibility of HARDM techniques in the control eye. 

This objective was achieved and anisotropic diffusion of water in the retina was 

measured. The FA in the retina was calculated to be significantly higher than that of the 
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surrounding anatomy such as the vitreous humor. Our HARDM studies helped us 

establish the fact that in healthy control eyes, preferential diffusion occurs 

perpendicularly between the outer and inner layers of the retina rather than in a parallel 

fashion. Tensor ellipsoids, fiber tracts and high resolution microscopic scans of the eye 

conform to established retinal anatomy. Moreover, a novel method was developed for 

analyzing the diffusion of water in the retina and calculating the focal point of primary 

eigenvectors in the center of the eye. In other words, lines extended from the 

eigenvectors in the photoreceptor cell layer of the healthy retina were found to converge 

near the center of the eye. This observation may be attributed to the uniform curvature 

of the retina and also its organized structure. 

The goal of chapter 3 is essentially the crux of this dissertation. The overall aim of 

this chapter is to identify early biomarkers of diabetic retinopathy in mice. The studies 

aim to achieve this objective by investigating the differences between the retinas of 

healthy control mice and those of diabetic mice. Diabetic retinas are subjected to 

various changes in anatomy and physiology due to the progression of diabetic 

retinopathy. These changes cause a marked disruption in the natural organizational 

structure of the retinal layers. The question that is being addressed here is if we are 

able to identify this disruption using HARDM techniques. The hypothesis was that if we 

are able to identify an organized retinal structure, then we should also be able to 

observe lack of structure, or in other words, disruption caused by the progression of the 

disease. The HARDM techniques established are successful in detecting alterations in 

the eye following damage due to diabetic retinopathy. FA values calculated in this group 

are significantly lower than in their control counterparts. The FA in the vitreous humor 
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for both groups did not show any significant change. The new technique of calculating 

the focal points in the eyes were applied to both control and diabetic eyes. This 

technique was observed to be very effective in differentiating between the two groups. 

In the case of control eyes, lines extended along the direction of the eigenvectors in the 

photoreceptor cell layer of the retina were found to converge near the center of the eye. 

In the case of diabetic eyes, the case was entirely different. Due to the disruption of the 

retina, the eigenvectors no longer pointed uniformly toward the center of the eye. This 

feature was mapped according to the technique developed earlier in this study. The plot 

of angles (θ) made by eigenvectors with the reference line provides a novel insight to 

distinguish between the two groups. The samples in the control group were found to 

follow a linear regression curve with much higher R2 values than the diabetic group. 

This tendency of the control group to follow a linear regression suggests a correlation 

between the shape of the curve and the integrity of the retina. However, when the 

animal has diabetes for a prolonged period of time, due to the progression of the 

retinopathy, the retina is continually disrupted. This causes loss of organization in the 

retina leading to consecutive eigenvectors in the retina being at odd angles to each 

other rather than being at a constant angular distance. This leads to curves with lower 

linear regression. This hypothesis was tested and found to hold true as it was observed 

that longer the animal’s blood glucose level stayed above 300 mg/dl, the lower was the 

value of R2. This possibly signifies that the value of R2 could be a direct indication of the 

extent of diabetic retinopathy. Further validation studies in this line could lead to this 

technique being used in practice to identify diabetic retinopathy at an early stage. 
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Chapter 4 investigates the role of adult HSCs in the repair of the RPE layer. The 

HARDM techniques developed in chapter 3 are applied in these studies as well. This is 

because the concept behind differentiating between healthy and damaged retinas is 

similar. The experiments are successful in detecting differences between the repaired 

versus unrepaired RPE layers. Further investigation using larger N numbers may reveal 

differences in the repair mechanism or rate of repair depending on the route of 

administration of stem cells. The mean FA in the group infected with LacZ gene is 

significantly lower FA than that in groups 1, 2 and 3 which were expected to have higher 

FA values. As a high FA value is attributed to the presence of organized structure, and 

vice versa, this is a direct indication of loss of organized structure in the RPE layer. The 

technique involving plots of angular differences between consecutive eigenvectors is 

used successfully in this case. Groups 1 through 3 followed a linear regression with high 

values of R2. Group 4 on the other hand, demonstrated curves which did not follow a 

linear regression, and consequently had much lower R2 values as compared to the 

other groups. This comparison leads us to infer that the values of R2 of these curves 

provide important clues to the condition of the retina. Variations of these techniques 

may find use outside of ocular studies. Though these findings are at an initial stage, 

they hold promise to be applied to in vivo imaging, and ultimately in the clinical setting. 

Chapter 5 involves in vivo MRI of the progression of endothelial progenitor cells as 

they migrate towards the site of injury in murine eyes. Iron oxide-labeled human stem 

cells show excellent viability and function. The imaging techniques established show 

that stem cells can be detected non-invasively in vivo with sub-millimeter anatomic 

resolution demonstrating that this cell-tracking technique has clinical applicability. MION 



 

156 

may provide biological insights relevant for the development of new cell-based therapies 

and may be generally suited to monitor stem cell homing and engraftment in patients. 

Future work in this line will include in vivo DTI of the mouse retina. Given the 

overall scope of this dissertation, it is essential to understand that though the ex vivo 

studies in chapters 2, 3 and 4 have been fairly successful in forming pathways into 

uncharted areas, there is a plethora of factors to be considered in order to transition into 

clinical studies, or for that matter, even in vivo studies. Some of the main advantages 

that ex vivo studies have over in vivo studies are increased scan time facilitating higher 

image quality, no motion artifacts, and coils suited to imaging a small volume of tissue. 

To suit in vivo time frames, scan times may be decreased by optimizing pulse 

sequences to suit the needs. Needless to say, this will cause reduction of image quality, 

and this can be considered as one of the immediate issues to be addressed in order to 

move to the next logical step in this area of research. Also considering the technological 

advances being made in the field of MRI, it may just be a matter of time before optimal 

image quality is attained. Chapters 2, 3 and 4 only involve ex vivo experiments. Chapter 

5 involves in vivo experiments but does not include DTI studies where the spatial 

resolutions of the scans were not top priority. The aim for these experiments was to 

track the migration of the MION particles, and hence eye movement was not a 

hindrance to achieving the results. But if in vivo DTI of the retina is to be performed, 

then motion artifacts due to eye movement may be an important factor to be 

considered. Muscle relaxants like ketamine-xylazine have been used in the past to 

reduce eye movement in mice (Erhardt et al., 1984). Recent studies have observed 

better results using a combination of 1% isoflurane and pancuronium anesthesia (Nair 
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et al., 2011). Various avenues may be explored to achieve minimal eye movement 

thereby reducing the chance of artifacts. Once the various hurdles to in vivo imaging are 

overcome, these studies have the potential to pave the way for the early diagnosis of 

retinal disorders in a clinical setting.  
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