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SUMMARY

Diffusion Tensor Imaging (DTI) is a well-established magnetic resonance tech-

nique that can non-invasively interpret tissue geometry and track neural pathways by

sampling the diffusion of water molecules in the brain tissue. However, it is currently

limited to tracking large nerve fiber bundles and fails to faithfully resolve thinner

fibers. Conventional DTI studies use a diffusion time, tdiff of 30 ms - 55 ms for

diffusion measurements. This work proposes the use of DTI at long tdiff to enhance

the sensitivity of the method towards regions of low diffusion anisotropy and improve

tracking of smaller fibers. The Stimulated Echo Acquisition Mode (STEAM) sequence

was modified to allow DTI measurements at long tdiff (approximately 200 ms), while

avoiding T2 signal loss. For comparison, DTI data was acquired using STEAM at the

shorter value of tdiff and with the standard Double Spin Echo sequence with matched

signal-to-noise ratio. This approach was tested on phantoms and fixed monkey brains

and then translated to in vivo studies in rhesus macaques. Qualitative and quanti-

tative comparison of the techniques was based on fractional anisotropy, diffusivity,

three-phase plots and directional entropy. Tensor-field maps and probabilistic con-

nectivity fronts were evaluated for all three acquisitions. Comparison of the tracked

nerve pathways showed that fibers obtained at long tdiff were much longer. Further,

the optic tract was tracked in ex vivo fixed rhesus brains for cross validation. The

optic tract, traced at long tdiff , conformed to the well documented anatomical de-

scription, thus confirming the accuracy of tract tracing at long tdiff . The benefits of

DTI at long tdiff indeed help to realize the potential of tensor based tractography

towards studying neural development and diagnosing neuro-pathologies, albeit the

improvement is more significant ex vivo than in vivo.
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CHAPTER I

INTRODUCTION

Magnetic Resonance Imaging (MRI) is one of the most widely used medical imag-

ing technique that offers diverse information about the human body. In addition

to the highly favorably soft tissue contrast for studying anatomical details, MRI is

used to study blood flow using perfusion imaging, tissue function using functional

MRI, chemical composition using spectroscopy and the geometrical arrangement of

tissue using Diffusion Tensor Imaging (DTI). DTI is a magnetic resonance imaging

technique designed to study the neural tissue micro-structure by measuring the ex-

tent of diffusion of water molecules in the tissue. The diffusion process is obstructed

by various intra-cellular and extra-cellular barriers such as the cell membranes, cell

organelles and large protein molecules. In the nervous tissue, the motion of water is

primarily restricted along the length of the cylindrical nerve fibers thereby, causing

the diffusion process to be highly anisotropic. DTI employs this anisotropy to deter-

mine the direction of nerve fiber bundles in every voxel and delineate the neural tracts

that functionally connect different regions of the brain. Current methods estimate

the nerve fiber orientation by measuring the diffusion process over a short duration

of about 30 ms - 55 ms. The direction of the nerve fiber is estimated in the form of a

3× 3 diffusion tensor matrix. Although this duration has been shown to be sufficient

in sampling all the diffusion barriers, it is conjectured that the tensor direction, being

an average of all possible diffusion in the given diffusion time, can be more accurately

determined if the voxel is sampled for a longer duration. This forms the hypothesis

for the following Ph.D. thesis.

Chapter 2 provides a brief overview of DTI. Different DTI parameters and their
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clinical relevance are outlined in this section, followed by a short description of the

tractography techniques to delineate neural pathways. The chapter ends with the

significance of the use of DTI in studying neuro-anatomy and neuro-pathologies such

as Alzheimer’s Disease and dementia. DTI is not restricted to the study of the nervous

tissue, but can be used to study the musculature as mentioned in this chapter. Next,

limitations of DTI are explained in detail. Recent modifications that have overcome

some of the disabilities of DTI are discussed. Alternate approaches that emerged in

the past decade have also been outlined.

Longer diffusion times are not easily achievable with the conventional sequences

that are used for diffusion weighted imaging. Chapter 3 explains the customization

of the Stimulated Echo Acquisition Mode (STEAM) - Echo Planar Imaging (EPI)

sequence for acquiring diffusion weighted images at higher values of diffusion time. It

also shows the surface coil and the testing-rig that was built specially for acquiring

images with high signal-to-noise ratio (SNR) 1. The procedure for cross-term cor-

rection that was applied to remove the effect of unwanted gradient interactions on

the diffusion measurements is described. The effect of the residual cross-terms on

the calculation of Apparent Difuusion Coefficient (ADC) is elaborated here. Imaging

protocols specific to the ex vivo and in vivo scans are tabulated. Experimental set-up

for the conventional spin echo sequence is also explained in this chapter.

To test the hypothesis, high resolution DTI data was obtained using formalin-fixed

rhesus brains and analyzed for changes in Fractional Anisotropy (FA), ADC, tensor

behavior and estimation of neural connectivity (Chapter 4). Comparison with the

standard spin echo sequence is also shown in this work. For analysis purposes, FA,

ADC, directional entropy (DE), fast marching and line propagation techniques have

been employed. After confirming that the use of long diffusion time indeed improves

1The signal to noise ratio (SNR) is equal to the ratio of the average signal intensity over the
standard deviation of the noise.
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DTI based tractography, the imaging protocol was translated to in vivo studies in

rhesus macaques. Analysis of the in vivo experiments is explained in detail in this

chapter.

Chapter 5 describes the projections of the optic tract that were studied in order

to validate the results obtained using DTI at long diffusion time against the standard

neural pathway, as described accurately in the literature. The optic fibers from the

chiasm to the Lateral Geniculate Nucleus (LGN) and the Superior Colliculus (SC)

were studied using the standard sequence at tdiff = 45 ms and with DTI at tdiff =

192 ms using the STEAM sequence.

Chapter 6 summarizes the research conducted in this study and explains in brief,

the observations of the study.
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CHAPTER II

DIFFUSION IMAGING BASICS

Diffusion Tensor Imaging (DTI) is a Magnetic Resonance Imaging (MRI) technique

based on the random thermal motion of water molecules within the nervous tissue.

This random diffusion of water molecules is restricted by various intra-cellular and

extra-cellular barriers that arise within the tissue microstructure. Barriers in the

form of cell membranes, cell organelles and macromolecules result in a non-uniform

displacement of water molecules within a tissue compartment such as the White

Matter (WM) of the brain, making the diffusion highly anisotropic. The diffusion

in the WM is affected by hydration, myelination, nerve fiber density and the fiber

diameter [9, 80]. On the other hand, water diffuses more uniformly in tissues like the

Grey Matter (GM) , resulting in a diffusion based contrast between WM and GM.

Further, in the neural WM tissue, the diffusion of water molecules is largely governed

by the long cylindrical nature of the axonal fibers that make up the tissue. Therefore,

an estimation of the direction of diffusion in such a structure provides an estimate of

the orientation of nerve fibers. Thus, it allows researchers to determine the physical

arrangement of the neural pathways on a voxel-by-voxel basis.

DTI is the only imaging technique that allows a non-invasive, high resolution

study of the hard and soft tissue including deep tissue structures without affecting

the on-going diffusion process. DTI output provides an estimate of the Apparent

Diffusion Coefficient (ADC), the diffusion anisotropy in three-dimensional (3D) space

and the direction of diffusion within the tissue. Anisotropy indices and the apparent

diffusion coefficients in the different tissue compartments are clinically relevant for

diagnosis of neuro-degenerative diseases. Further, the direction of diffusion serves to
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depict the direction of the underlying tissue structure. Therefore, DTI can be used

to study any modification in the nerve fiber pathway due to a neuropathology such

as a tumor.

2.1 Diffusion Imaging

2.1.1 Molecular Diffusion Measurement

The random thermal motion of water molecules in the nervous system can be mod-

eled using the Fick’s laws of diffusion. According to Fick’s law [25], for any cell in

a steady state of non-equilibrium, the motion/diffusion of water molecules from a

location of higher concentration to a location of lower concentration is determined by

equation (1). It describes the relation between the diffusion coefficent, D, the rate

of diffusion of water, J , across a concentration gradient (difference in the higher and

lower concentration), ∇C. J is also known as the molecular flux.

J = −D∇C (1)

Using the conservation laws for mass balance, the rate of change in concentration of

water molecules must be equivalent to the gradient of the molecular flux. Therefore,

∂C

∂t
= −∇J (2)

Using equation (1) in equation (2),

∂C

∂t
= ∇(D∇C) (3)

Equation (3) can be solved using boundary conditions to determine the value of

the [17] diffusion coefficient. If the concentration at t = 0, is considered to be a

δ function, C(x, 0) = δ(x − x0), then the solution [75] of the above equation is a

Gaussian function shown below (Equation (4))

C(x, t) = e
−

(x−x0)2

4Dt

4πDt3/2 (4)
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Now, self Probability Density Function (PDF) of a molecule can be defined as the

probability of finding a molecule that was initially located at x0 at t = 0, at another

location x at a time t. The above Gaussian function is equivalent to the self probability

density function and therefore,

P (x|x0, t) = e
−

(x−x0)2

4Dt

4πDt3/2 (5)

Einstein [17] showed that the variance of the above self PDF is a function of the

diffusivity, D of the water molecules in the cell.

〈

(x − x0)
2
〉

=

∫

∞

∞

(x − x0)
2P (x|x0, t)d((x − x0)) = 6Dt (6)

Thus, Equation (5) concludes that the D can be estimated by calculating the

second moment of the self PDF of the diffusing species.

Conventionally, diffusion imaging uses two diffusion gradients that are used to

make the MR output sensitive to the diffusion of water molecules (spins) in the

brain tissue. The two diffusion gradients are separated by a 180◦ pulse, as shown

in Figure 1. The first gradient introduces a net phase shift of ϕ1, and the second

gradient introduces a phase shift of ϕ2. If the diffusion gradients were applied along

Z direction, the net phase difference is given as follows

ϕ1 = γ

∫ δ

0

Gz1dt = γGδz1

ϕ2 = γ

∫ ∆+δ

∆

Gz2dt = γGδz2

ϕ2 − ϕ1 = γGδ(z2 − z1)

In DTI, the total diffusion can be measured as a the sum of the magnetic moments

of the individual nuclei, S, given that the initial magnetization was S0. S can be

written in terms of a PDF, just like the self PDF mentioned earlier, and the net

phase shift between the spins. The PDF is given by Equation (7).
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Figure 1: Representation of a Diffusion Imaging Sequence. (RF: Radio Frequency
Pulse, Gd: Diffusion Gradients, δ: Duration for which the diffusion gradient is
switched on, ∆: Interval between the application of the two diffusion gradients

P (z1, z2, ∆) =
1√

4πD∆
e

−(z1−z2)2

4D∆ (7)

The attenuation S in magnetization S0, due to diffusion, can be written as

S

S0

=

∫

∞

−∞

∫

∞

−∞

eiγGδ(z1−z2)P (z1, z2, ∆)dz1z2 (8)

Using Equation (7) in (8), gives,

S

S0

= e−(γGδ)2D∆ (9)

The above equation forms the basis of the MRI signal attenuation measured due

to the diffusion of water molecules.

2.1.2 Imaging Technique

As mentioned above, diffusion imaging involves measuring the diffusion of water

molecules in an object under the influence of an additional pair of gradients over

a preset duration. These gradients are called diffusion gradients . The extent of dif-

fusion is reflected as the loss in signal intensity [6]. The signal intensity is measured

in order to determine the effect of diffusion and is given by a simple exponential in
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Equation (10). Equation 9 is slightly modified to suit a generalized diffusion weighter

pulse sequence.

S = S0e
−bD (10)

where

where

S = intensity of diffusion weighted image

S0 = image intensity in the absence of any diffusion gradients

b = factor characterizing the diffusion gradients (s/mm2) = γ2δ2G2(∆ − δ/3)

γ = gyromagnetic ratio

δ = duration for which the diffusion gradient is switched on

G = Magnitude of diffusion gradient

∆ = time between the application of the 2 diffusion gradients

D = apparent diffusion gradients (mm2/s)

tdiff = ∆ − δ
3

This equation applies to a 2D diffusion process. In three dimensions [65], D is

represented by a 3×3, rank 2 matrix called the diffusion matrix or a tensor. Similarly,

b transforms to a 3 × 3 matrix shown in Equation (11)

S = S0 exp−
n
∑

i=1

3
∑

i=1

bijDij (11)

where b =













bxx bxy bxz

byx byy byz

bzx bzy bzz













, D =













Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz













.

Eigen analysis of D provides us with the principal eigen vectors - ǫ1, ǫ2, ǫ3 , which

depict the direction of diffusion. The principal eigen vector represents the dominant

direction of diffusion and hence also the orientation of the underlying fiber bundle.
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Figure 2: Diffusion Ellipsoid : The 3D diffusion in every voxel is represented by
a rank 3 tensor, also represented by a diffusion ellipsoid. Eigen decomposition of
the tensor matrix provides us with the three eigen values, λ1, λ2, λ3, and the three
principal eigen vectors, ǫ1, ǫ2, ǫ3. The prinicpal eigen vector ǫ1 represents the dominant
direction of diffusion.

The eigen values - λ1, λ2, λ3 defines the extent of diffusion in the direction of the eigen

vectors (Figure 2).

Since Dxy = Dyx, Dyz = Dzy and Dxz = Dzx, there are six unknown variables

in the D matrix. In order to solve for the values of these 6 unknowns, at least six

different diffusion weighted images must be acquired, in addition to the b0 image.

b0 image is acquired in the absence of any diffusion gradients i.e., in the absence

of diffusion weighting. Typically, many more (≫ 6) diffusion weighted images are

obtained for a more accurate estimation of the tensor orientation.

2.1.3 Characterization of Diffusion

2.1.3.1 Apparent Diffusion Coefficient (ADC):

Apparent diffusion coefficient is an intrinsic property of the tissue based on the diffu-

sion of water in the tissue. From classic physical chemistry, diffusion coefficients are

calculated over a very long time (theoretically, tdiff = ∞ ). The DTI measurement,
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however, is done over a finite time duration; therefore, D is called the apparent diffu-

sion coefficient (ADC) and is used to characterize different tissues. For example, the

value of D in healthy gray matter tissue is 0.76× 10−3 mm2/s. In neuro-degenerative

diseases, that affect the gray matter, changes in D can be tracked to study brain injury

[69]. Thus, D can be used as a diagnostic measure for various neuro-pathologies.

2.1.3.2 Fractional Anisotropy (FA):

Fractional Anisotropy (FA) [8] is another important parameter obtained from diffu-

sion tensor imaging. FA is a measure of the fraction of the total diffusion that can

be attributed to anisotropic diffusion and is calculated from the eigen values of the

diffusion matrix by using Equation 12. Typical FA values in the GM and WM of

humans are 0.15 and 0.65 respectively [43, 7].

FA =

√

(〈λ〉 − λ1)2 + (〈λ〉 − λ2)2 + (〈λ〉 − λ3)2

(〈λ〉)2
(12)

〈λ〉 = λ1+λ2+λ3

3
is nothing but the apparent diffusion coefficient, D.

2.1.3.3 Relative Anisotropy (RA) :

Relative anisotropy [8] is another popular measure of diffusion anisotropy.

RA =

√

V ar(λi)

〈λ〉 (13)

FA and RA are widely used as diagnostic measures in assessing injuries and for

studying diffusion properties of different tissue types. However, it has been shown

that RA is more susceptible to noise and that FA maps have a better SNR and

Contrast-to-Noise Ratio (CNR) 1 relative to RA maps [24].

1Contrast-to-Noise Ratio is the difference in signal intensities in two regions with respect to the
image noise level.
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2.1.3.4 Volume Ratio (VR)

Volume Ratio depicts the ratio of the ellipsoidal volume to the volume of the sphere

of radius 〈λ〉 (Equation 14). V R has the highest standard deviation [87] at low SNR

and tends to be over-estimated during diffusion measurements and is seldom used.

V R =
λ1λ2λ3

〈λ〉3
(14)

2.1.3.5 Geometric Measures of Anisotropy

Geometric measures of anisotropy are used to determine the nature of diffusion as

a function of the underlying tissue micro-structure [2]. Based on the eigen values

obtained for the diffusion matrix, D, diffusion can be classified [83] as follows:

1. Linear Diffusion : When λ1 ≫ λ2 λ3, the tensor is a rank one tensor and the

diffusion is characterized as linear. Voxels satisfying this property comprise of

highly unidirectional fibers. Linear diffusion is represented by a cigar-shaped

ellipsoid. Linear diffusion (CL) is calculated as

CL =
λ1 − λ2

λ1 + λ2 + λ3

(15)

2. Planar Diffusion : Planar diffusion indicates the presence of multiple fiber

orientations in the voxel and is represented by a oblate or disc-shaped ellipsoid.

It is characterized by a rank 2 diffusion tensor i.e., when λ1 ≈ λ2 ≫ λ3. Planar

diffusion (CP ) is given by the following equation -

CP =
2(λ2 − λ3)

λ1 + λ2 + λ3

(16)

3. Spherical Diffusion : Spherical diffusion (CS) is a measure of isotropic dif-

fusion where λ1 ≈ λ2 ≈ λ3 and is given by equation (17). Since CS represents

uniform diffusion, it is represented by a sphere.
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CS =
3λ3

λ1 + λ2 + λ3

(17)

Figure 3 depicts the shape of the diffusion ellipsoid based on the nature of diffusion

represented by CL,CP and CS.

CL

Rank 1 Tensor

1
>>

2 3

CP

Rank 2 Tensor

1 2
>>

3

CS

Rank 3 Tensor

1 2 3

Figure 3: Geometrical Interpretation of Diffusion

2.1.3.6 Directional Entropy (DE):

A directional distribution of the tensor orientations in a specific tissue regions can

be calculated by using the direction of the principal eigen vectors and estimating the

directional entropy [56]. For this purpose, a unit sphere is triangulated and discretized

angular directions are obtained in the form of tensors through the center of the sphere

and each triangular surface on the sphere. The tensors are then grouped based on

the similarity in their orientation with the discretized angular directions. The eigen

vectors are subsequently binned into discrete orientations corresponding to the faces

of the triangulated sphere (Figure 4, Figure 5). A probability density function p(i)

is obtained based on the distribution of the eigen vectors and used to calculate the

directional entropy.

DE = −
∑

(p(i))log2(p(i)) (18)

Directional entropy is measured over a large group of voxels for better estimation.

Since entropy is a measure of chaos in the system, highly directional tissue orientation

such as that found in the white matter has a much smaller DE when compared to

the grey matter, where the tensor orientations are more or less randomized. It has
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been shown that the SNR characteristics of DE and FA are similar. DE, therefore

can be used as yet another robust parameter to evaluate diffusion anisotropy [56].

2.2 Tractography

Apart from the anisotropy and diffusivity measures that can be used for diagnos-

tic purposes, eigen analysis of the diffusion tensor provides us with a predominant

direction of diffusion in the brain structure. This direction reflects the underlying

tissue-geometry and thus serves as a local fiber direction in every voxel. Connect-

ing the fiber orientation across voxels allows the delineation of nerve pathways in

the brain. This is a common process of tracking fibers [49] across the brain volume.

However, fiber tracking techniques can be broadly classified into two groups. Meth-

ods that use tensor information in each voxel independently, as described above, are

called line propagation techniques. On the other hand, techniques that use tensor

information from neighboring voxels, to minimize entropy and consequently minimize

the contribution of noise, are classified as energy minimization techniques.

2.2.1 Line Propagation Techniques

These methods simply start from a seed point and follow the local tensor orientation as

shown in Figure 6. One such method is Fiber Assignment with Continuous Tracking

Figure 4: Sphere Triangulation
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Figure 5: DE: The flow chart for calculating the directional entropy

(FACT) [48]. The estimated local tensor orientation may not always be translated

into a accurate fiber track. For this purpose, the voxels are subdivided into sub-voxels.

At every sub-voxel, a distance-averaged tensor orientation is calculated to facilitate

a smoother track using interpolation. The nerve fiber being traced is terminated on

the basis of FA and/or the turn angle of the fiber. The main assumption for DTI

is that the diffusion process in the brain structure along any orientation is Gaussian,

thus preventing the presence of sharp turns in the fiber direction. Typically the grey

matter (GM) FA is around 0.15 and fiber tracking is terminated when the diffusion

anisotropy drops to this value.

A significant drawback of this technique is its dependence on the information

available in one voxel alone. Any error in the estimation of the tensor causes an error

in the estimation of the fiber tracks and is further propagated along its length.

2.2.2 Energy Minimization Techniques

Energy minimization techniques aim to reduce the error propagation due to noise

by using tensor orientation information from the adjacent voxels. Fast marching

method [59] is one such energy minimization method. This method maps the extent

of diffusion of water in terms of a diffusing front or a connectivity profile. The rate at

which the connectivity profile propagates from one voxel to another depends on the

collinearity of the principal eigen vector, ǫ1, amongst the neighbors and the direction

in which the front continues to evolve. It is similar to obtaining the contour plot of

the diffusion process starting at the originating voxel [49]. The most likely path that

connects any arbitrary point to the original seed point is obtained by the steepest
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(a)

Figure 6: Simple Line Propagation: The green fiber represents the actual fiber ar-
rangement while the fiber in red is traced by using simple line propagation technique.
Voxel-by-voxel tensor orientation is shown in the background.

descent along these contour lines.

2.3 Clinical Relevance

The abundant and varied information that DTI provides is highly useful in detailed

neuro-anatomical studies. For example, diffusion tensor imaging plays an important

role in understanding the growth and development of the brain [67, 63, 12]. Some

prominent white matter pathways such as the corpus callosum, internal capsule, lon-

gitudinal fasciculus are thin in newborns and gradually become thicker as the brain

matures. Studies have shown that the ADC decreases and FA increases progressively

within the first two years of brain development as white matter pathways become

thicker and more compact. Brain maturation is much slower as the individual reaches

adolescence [90, 51]. Presently, region-specific decrease in the FA in old age, due to

the loss of nerve fibers and decreased myelination, is being studied to understand the

aging process of the brain [50].

DTI also finds potential in non-invasive studies of various neuro-degenerative
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pathologies such as ischemia, multiple sclerosis, Alzheimer’s Disease, Traumatic Brain

Imaging [85] etc. DTI studies [53] have shown that patients suffering from Alzheimer’s

Disease show a significant decrease in the ADC in the cingulum, frontal and parietal

lobes while the ADC in all other cortical regions is more or less unaffected. Addi-

tionally, FA decreased in the splenium of the corpus callosum, frontal lobe and the

temporal lobe. These changes cannot be detected using conventional MRI. DTI has

provided an insight into the nature of the disease and has therefore proved useful

in the treatment of the disease. DTI finds similar applications in the diagnosis of

multiple sclerosis, schizophrenia [34, 20] and dementia [74].

Diffusion tensor imaging is recently being used to study skeletal muscle structure.

Similar to neuro-pathologies, decrease in anisotropy serves as a measure to evaluate

muscle injury [89]. Muscle tissue consists of highly organized muscle fibers like the

nerve fibers in the brain. Muscle injury causes a disruption of these muscle fibers,

thus increasing diffusivity. Studies show that all three eigen values, λ1, λ2, and

λ3 increased significantly, following a muscle tear. ADC analysis in this study also

revealed muscle lesions in patients with hematoma. Consistent with the nature of the

injury, FA substantially decreased in the injured muscle.

DTI has opened new doors in studying various clinical pathologies in order to

better understand and treat them.

2.4 Limitations of DTI

Although DTI has had a profound influence in the medical field, its potential is

undermined by its inability to resolve the fine neural fibers as they branch out of the

fiber bundles and terminate in the grey matter of the brain tissue. The resolution

of DTI is currently, limited to 1 mm × 1 mm × 1 mm - isotropic, while the typical

thickness of a neural fiber is 10 µm - 100 µm. Each voxel contains numerous fibers, not

necessarily aligned in the same directions. DTI only calculates one fiber orientation
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per voxel. The method therefore, is unable to resolve multiple fiber orientations.

Higher resolution, on the other hand, demands stronger and faster magnetic and

gradient field strengths, which is not always possible, especially in a clinical setting.

DTI signal is much stronger in tissue regions where the white matter fibers are

mostly unidirectional. In the presence of multiple fiber orientations, often referred to

as intravoxel orientation heterogeneity (IVOH) , the degree of anisotropy is under-

mined and an averaged direction of diffusion (and hence fiber) is estimated which is

often inaccurate.

The large voxel size also enhances the effect of partial volume. Partial volume

effect is the presence of two tissue types in a voxel that cannot be distinguished from

each other. Since diffusion in the GM is highly isotropic, presence of GM and WM

both, in a voxel, further affects the anisotropy calculations.

Another problem associated with DTI is that it cannot distinguish whether the

fibers cross each other or are two different pathways touching each other. As shown in

Figure 7, the fibers may be crossing or just touching each other. DTI cannot detect

the difference between the two cases and the outcome depends on the ROI selected

for tracking.

(a) (b)

Figure 7: Limitation of DTI: (a) Crossing and (b) Kissing Fibers. The tensor estima-
tion for both the cases is identical and fiber tracking algorithms cannot differentiate
between the two.

17



Unlike histological tracing methods, DTI is unable to detect whether the fibers

are afferent fibers or efferent fibers and hence smaller neural pathways that emanate

midway between a larger, more prominent fiber bundle and run along the larger

pathway, cannot be separated. For example, the tecto-geniculate pathway is a small

neural pathway from the Dorsal Lateral Geniculate Nucleus (LGN) to the Superior

Colliculus (SC). It runs alongside the optic tract from the optic chiasm to the SC

via the LGN. Separation of these two tracts is not possible with the current DTI

methods.

2.4.1 Recent Advances

There is significant promise in the use of DTI for studying fiber degeneration, re-

generation and assessing neural pathways in the presence of tumors, especially for

treating and studying individual difference across a population. However, the above

limitations have proven as deterrents to the potential of this method. Recent studies

have focused on using the complete tensor information i.e., ǫ1, ǫ2, ǫ3 obtained from

D instead of just ǫ1 to predict the presence of multiple fiber orientations [70]. The

advanced fast marching technique [70] has greatly improved the performance of DTI

tractography by detecting a profuse network of nerve fiber branches in the callosal

region.

2.4.2 Alternative Techniques

Diffusion imaging has the advantage of being the only non-invasive technique that

is used for mapping neural connectivity. Prior to the discovery of DTI and Positron

Emission Tomography (PET) tracers, histology was the only window to study how

different areas of the brain were connected. Due to the drawbacks of DTI outlined

above, histology still remains the most popular technique for high resolution, region-

specific study of neural connectivity. In DTI, diffusion process in the tissue is modeled

as a Gaussian distribution which precludes the accurate determination of the diffusion
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profile in the presence of IVOH. Other diffusion imaging techniques that attempt to

alleviate some of the limitations of DTI, such as High Angular Resolution Diffusion

Imaging (HARDI) [77], Q-ball Imaging [76, 78] and Generalized Diffusion Tensor

Imaging (GDTI) [40] have emerged.

• HARDI: HARDI samples the diffusion in the tissue along many more directions

as compared with DTI. IVOH are identified in DTI by their oblate diffusion

tensors (λ1 ≈ λ2). In HARDI, the resultant diffusion is considered as a sum

of the diffusion in individual compartments, each representing a unique fiber

orientation. The individual diffusion tensors Dj and the fraction of diffusion,

fj, due to each diffusion tensor is computed by employing the mixture model

decomposition to minimize the error function

χ =
n
∑

k=1

(

m
∑

j=1

Cpjk − Ck

)2

(19)

where Cpjk is the diffusion signal predicted by the model for the kth diffusion

gradient and the jth fraction and Ck is the actual measure signal. The outcome

of HARDI is shown in Figure 8.

• Q-ball Imaging: Unlike DTI, Q-ball imaging [76] does not assume any model

for the diffusion process [57]. The Q-ball reconstruction is based on the inter-

polation of a spherical radial basis function and the Funk-Radon Transform.

The orientation distribution function (ODF) is expressed in terms of the Funk

Radon Transform, the diffusion probability density function and the zeroth-

order Bessel Function. Visualization of the ODF reveals the presence of multi-

ple fiber orientations and hence, offers the biggest advantage over tensor-based

methods.

• Generalized Diffusion Tensor Imaging (GDTI): Generalized diffusion tensor

imaging uses higher-order tensor statistics to obtain the diffusion profile in every
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(a) (b)

Figure 8: Comparison of the Principal Eigen Vector Fields from the (a) Single-tensor
and (b) Two-tensor fits to Diffusion Signal from the Forceps Minor. The ROI is shown
on the right. The vectors are oriented in the direction of the major eigenvector of
the diffusion tensor within each voxel and are color-coded according to the RGB
sphere shown at right, with red indicating mediolateral, green, anteroposterior, and
blue, superoinferior. (b): The multitensor decomposition shows the intersections of
the lateral and callosal striations with the anterior extension of the anterior limb
of the internal capsule; and the divergence of fibers to the superior (bright green),
middle (drab green), and inferior (red) frontal gyri. Note also the intersection between
the anterolateral-directed fibers from the external capsule (bright green), and the
superoinferior directed fibers from the uncinate fascicle (blue). Adapted from [77]

voxel [40]. The Probability Distribution Function (PDF) due to the diffusion of

spins is reconstructed [39] using the higher order tensors followed by the estima-

tion of a skewness map. The skewness map determines the extent of diffusion

in different directions, enabling the estimation of fiber orientation.

Although the methods mentioned above have been successful in determining the

presence of fiber crossings, the techniques require high-performance gradients and

computationally intensive tensor calculations. Clinical application of techniques such

as HARDI and Q-ball imaging is greatly restricted by these stringent requirements.

On the other hand, DTI does not require such strong gradients or complex compu-

tations. Improvements in diffusion tensor imaging methods will provide a simple yet

efficient way to accomplish accurate fiber tractography.
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CHAPTER III

DIFFUSION TENSOR IMAGING AT LONG DIFFUSION

TIME

Diffusion tensor imaging measures the net displacement of spins in a sample, due

to random thermal motion, using a pair of diffusion gradients. These measurements

are made over a preset duration called the diffusion time, tdiff . When the diffusion

time is less, diffusion is dominated by perfusion effects of water molecules moving

in and out of the cell. On the other hand, at higher tdiff , the diffusion is no longer

sensitive to water perfusion. Diffusion of water molecules for tdiff = 20 ms is sufficient

to probe the intra-cellular barriers that include large protein molecules and sub-cell

organelles. Typically the diffusion time in DTI experiments is about 50 ms. The

ADC decreases very rapidly over the first 20 ms [15] and drops more slowly until it

reaches an asymptotic value. Clark et al. showed in a study that FA and ADC were

unaffected during diffusion times in the range of 8 ms - 80 ms, as did Le Bihan et

al.[36]. These measurements were made in core white matter regions such as the genu

of the corpus callosum. White matter fiber bundles in this region are very tightly

packed and highly oriented in one direction. Diffusion in such white matter structures

is highly restricted. In addition, the b value was much smaller (700 s/mm2 ) and the

value of δ was changed to achieve the different diffusion times. Further, no data was

provided for the second and third eigen vectors of D. Another study [26] showed

that the ADC value was indeed dependent on time (40 ms - 800 ms), but the study

involved an increase in the b value with increase in tdiff . Studies [50] have shown that

an increased b value increases the sensitivity of DTI towards diffusion anisotropy.

As the nerve fibers project to the cortical surface, they fan out, causing a decrease
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in the degree of tissue organization. Applying Einstein’s equation, r =
√

6Dtdiff ,

a tdiff of 20 ms is sufficient to explore distances of about 10µm, which is of the

order of a typical brain cell. However, at much higher diffusion times, the diffusing

water molecules are more likely to fine-tune the sampling of the diffusion space in and

between the axonal fibers and the fiber bundles. Fractional anisotropy at longer tdiff

has been reported to be more sensitive to changes in myelin-deficient mice [54]. DTI

tractography at long diffusion times has not yet been reported in the literature. The

present dissertation is based on the hypothesis that the use of longer diffusion

time in DTI will increase the sensitivity of the technique to diffusion

anisotropy and therefore, enhance our capability to resolve and track

smaller nerve fibers. Figure 9 depicts the increase in diffusion anisotropy due to

the use of long diffusion time in the brain tissue and its impact on tractography.

The intra-cellular and extra-cellular diffusion processes in the brain tissue are

very complex and depend on a number of factors [52] such as the density of the

intra-cellular organelles, macro-molecules, viscosity of extra-cellular fluid, tortuosity

in the Extra-Cellular Matrix (ECM) [58], permeability and active transport through

the channels, to name a few. It is very difficult to explain the contribution of each of

the above factors to the diffusion measured by DTI. Further, a coherent explanation

of the temporal dependence of these factors on ADC and FA is not yet available.

Nevertheless, an attempt is made in this chapter to explain the rationale of the

proposed hypothesis.

Figure 10 1 describes different scenarios that can be encountered by the diffusing

water molecules and the effect of the use of long diffusion time in improving the

accuracy of tensor estimation using DTI.

This chapter describes the sequence design and modifications executed to allow

DTI studies at long diffusion time. The pulse sequence and the imaging protocol

1Volume Fraction is the volume occupied by one fiber bundle relative to the voxel size
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1

2

3

Tractography at very long 

tdiff (200 ms)

Figure 9: Pictorial Depiction of the Changes in the Diffusion Ellipsoid and Trac-
tography Outcome with the Application of Long Diffusion Time: The inset shows
three regions; 1 is core GM, 2 is a region of thinning WM fibers and GM interspersed
in the same voxel and 3 represents core WM tissue. With the use of long diffusion
time, it is anticipated that the diffusion ellipsoid in region 2 would become more
oblong, providing a tensor with a higher magnitude that can be tracked using a DTI
tractography algorithm. Region 1 (GM) is isotropic and hence there will not be any
change in the diffusion even at long tdiff . In the core white matter tissue (region 3),
the tensor magnitude will remain the same or increase slightly. Region 3 will provide
a dominant fiber direction, independent of the diffusion time. Due to the increased
sensitivity of DTI at long tdiff to the diffusion anisotropy, a dominant tensor orienta-
tion will be obtained in region 2, which is otherwise not possible at short tdiff . The
fibers in red represent the fibers delineated with DTI at short tdiff . The blue fibers
indicate the improvement that will be seen with the use of long tdiff

were tested on a phantom to verify its usability and to correct for any artifacts.

The hypothesis was then tested using formalin-fixed brains. Once it was confirmed

that the use of long diffusion time indeed improved nerve fiber tracking, the imaging

sequence and protocol was further modified and translated to in vivo studies in rhesus

macaques.

Non-human primates show considerable anatomical similarity to humans, in the

neural tissue and hence serve as a good model to understand neural tissue structure
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(a) (b)

(c)

Figure 10: How Might Long tdiff Improve Tractography? The figure depicts differ-
ent conditions the diffusing water molecules may be subject to. In each sub-figure, the
voxel on the right represents the diffusion tensors that will be obtained at short tdiff

and the voxel on the left depicts the speculated sampling that makes the calculated
tensor orientation at long tdiff , more accurate. (a) Presence of one highly oriented
fiber bundle (e.g., corpus callosum) The tensor orientation does not change. However,
the tensor magnitude increases at long tdiff . (b) Presence of two fiber bundles with
distinct volume fractions: A short tdiff is insufficient to calculate the accurate fiber
direction. At long tdiff , the diffusion in the dominant fiber bundle is accentuated as
more water molecules travel farther and have more hits. (c) This figure represents
the condition in which the two fiber bundles as orthogonal to each other and have the
same volume fraction. Under such a condition, the use of long diffusion time will not
provide any extra information for DTI. (black arrow: resultant tensor, grey arrow:
resultant tensor at short tdiff )

and study evolutionary changes that may have occurred in the architectonical map-

ping of the brain [68, 47, 79]. One of the main concerns in non-human primate DTI

is the selection of the appropriate resolution in accordance with the anatomy, the

relative fiber sizes, required SNR and the available acquisition time. In tensor-based

tractography, besides affecting the mean fiber density, resolution directly impacts the

estimation of the apparent diffusion tensor and hence the orientation of the underly-

ing nerve fiber [32]. A higher resolution reduces partial volume effects and facilitates

a more accurate inference of the tensor, although at the expense of a longer scan time

due to increased averaging in order to compensate for the SNR loss. Human DTI

studies are usually conducted at a isotropic in-plane resolution of 1.2 mm - 3 mm.
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However, a rhesus macaque brain is significantly smaller than the human brain and

requires a much higher image resolution. The average volume of the human brain

(male) is found to be around be about 1450 cc [47, 79]. Brain size in chimpanzees is

roughly 400 cc [68] while the macaque brain is relatively much smaller at 103 cc [18].

To achieve the same resolution as human studies the ideal voxel size for DTI imaging

in chimpanzees would be 1.5 times smaller along each dimension while for macaque

studies, the voxel size would be smaller by a factor of 2.5 per side. Diffusion tensor

imaging in rhesus macaques, however, is currently performed at a resolution of 1mm

× 1 mm × 1mm. DTI scans with a resolution lower than 1 mm × 1 mm (in-plane),

often use a much higher slice thickness to gain SNR. In this study, an attempt was

made to use as high resolution as was possible on the 3T Siemens 3T Trio at least for

the ex vivo scans.

3.1 Sequence Modification and Coil Setup

Conventionally, a spin echo sequence [73] or a twice-refocussed spin echo sequence [66],

also known as the Double Spin Echo (DSE) sequence is used for DTI studies. However,

it suffers a very high signal loss at higher values of tdiff due to a significant T2 decay.

To overcome the high SNR loss, a Stimulated Echo Acquisition Mode (STEAM)-

EPI [23, 46] sequence was used for DTI studies at long tdiff . The STEAM sequence

utilizes three 90◦ pulses instead of one 90◦ and one or two 180◦ pulses in DSE. This

facilitates increased diffusion times at much shorter TEs. On the flip side, only half

the transverse magnetization is used for signal generation in STEAM, thereby halving

the SNR. Further, the DSE sequence efficiently reduces the effect of eddy current

distortions and susceptibility related artifacts. These artifacts are not corrected for

in the STEAM sequence. However, the shorter TE at least partially compensates for

the signal loss. Additionally, the crusher gradient strengths were increased to remove

any residual echo. The pulse width and the slice select gradient was adjusted to allow
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high resolution DTI scans without increase in cross-term artifacts along the direction

(Z) of slice selection.

For the ex vivo studies, the tdiff value was increased gradually and the increase

in FA and the SNR of the images was evaluated. The FA increased gradually with

increasing tdiff . However the SNR reduced significantly around tdiff ≈ 230 ms. The

longest usable diffusion time was determined by a limitation on the SNR. The imaging

protocol is described in Table 2. The design was optimized for the highest resolution

(0.54 mm × 0.54 mm in-plane) possible with the 3T Trio system for two values of

tdiff ; 48 ms and 192 ms. The two sequences will be referred to as STEAM48 and

STEAM192 henceforth. The DSE sequence was also implemented to verify that the

improvement was indeed due to the use of long diffusion time and that using the

STEAM sequence did not affect DTI acquisition. The tdiff for the DSE sequence

was 45 ms. The imaging parameters were almost the same except as mentioned in

the table. The number of averages were adjusted to achieve similar SNR for all three

acquisitions.

Table 2: Ex Vivo Study: Imaging Protocol
Imaging Parameter Value
TR 1500 ms
TE 80 ms (STEAM), 104 ms (DSE)
b 0,1700 s/mm2

TM 21 ms for tdiff = 48 ms, 169 ms for tdiff=192 ms
Number of Directions 30
Slice Thickness 2 mm
Number of Slices 3
Field of View (FOV) 70 mm × 70 mm
Matrix Size 128 × 128
Number of EPI Shots 16
Bandwidth (BW) 448 Hz/pixel (STEAM), 472 Hz/pixel (DSE)
Averages 48 (DSE), 37 (STEAM48), 70 (STEAM192)
SNR 29.78 (DSE), 27.01 (STEAM48), 26.80 (STEAM192)

The in vivo studies required a further modification in the STEAM sequence in

order to fit the total acquisition time within a time window of about 3.5 hours. The
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STEAM sequence was further modified to adjust the fill times that are inserted for

accurate echo acquisition. The fill times added to tdiff , result in a higher TE and

preclude a smaller value of tdiff from being achieved. This fill time is shown in

Figure 11. In order to overcome this problem, the fill time was introduced before the

execution of the diffusion gradients.

RF

Gss

Gpe

Gfe

ADC

TM
Fill time

TE/2 TE/2

Figure 11: STEAM Sequence for In Vivo studies: The fill-time shown by the green
band adds to the calculation of tdiff This fill time was shifted and added before the
diffusion gradients were applied. Thus, a smaller tdiff could be achieved at the same
TE. RF: Radio Frequency Pulse, Gss: Slice Selection Gradient, Gpe: Phase Encoding
Gradient, Gfe: Frequency Encoding Gradients, ADC: Analog to Digital Converter

High resolution, in vivo scans could not be acquired due to the gradient limitations

and the necessity to obtain a high SNR in a relatively smaller total acquisition time

as compared to the ex vivo studies. Each study included at least two sets of DTI

experiments, one at short tdiff and one at long tdiff . The number of EPI shots and

the resolution were altered to reduce scan time. The two diffusion times used for in

vivo studies were 50 ms and 200 ms The two sequences will be known as STEAM50

and STEAM200 henceforth. tdiff for DSE was 47 ms. The imaging parameters are

shown in Table 3.

The value of TE in the STEAM sequences at long diffusion times is purposely

maintained at the same value that was used in the STEAM sequence at short diffusion
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Table 3: In Vivo Study: Imaging Protocol
Imaging Parameter Value
TR 5000 ms
TE 60 ms (STEAM), 91 ms (DSE)
b 0,1200 s/mm2

TM 34 ms for tdiff = 50 ms, 184 ms for tdiff=200 ms
Number of Directions 60
Slice Thickness 1 mm
Number of Slices 5
Field of View (FOV) 64 mm × 64 mm
Matrix Size 64 × 64
Number of EPI Shots 4
Bandwidth (BW) 1042 Hz/pixel (STEAM), 1056 Hz/pixel (DSE)
Averages 3 (DSE), 3 (STEAM50), 6 (STEAM200)
SNR 28.45 (DSE), 24.58 (STEAM50), 22.87 (STEAM200)

times. The same b value of 1700 s/mm2 is maintained at long tdiff by using diffusion

gradients with reduced magnitudes. In principle, TE can be reduced by utilizing a

higher strength of diffusion gradients to maintain the b value. This study compared

the DTI data acquired at two different diffusion times. If the TE is changed, then

the T2 weighting of the GM and WM tissue changes across the two experiments in

addition to the diffusion time. For e.g., as shown for the ex vivo studies in Figure 12,

the three eigen values and ADC was measured at a tdiff of 192 ms for a TE of 65

and 80 ms. The ADC, λ1, λ2 and λ3 were significantly different at the two TEs (p

< 0.05). TE was therefore, unchanged to avoid any bias in the comparison due to

differential T2 weighting in the brain tissue.

3.1.1 Cross-term Correction

Diffusion measurements in DTI are a consequence of the application of a pair of dif-

fusion gradients alone. In practice the diffusion measurement can also be affected by

the interaction of the diffusion gradients with the imaging gradients and the inter-

action of different imaging gradients amongst themselves, resulting in an incorrect

measurement of ADC. This effect is called as the cross-term effect and must be kept
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* p < 0.05

Diffusion (s/mm2)

Figure 12: Calculation of ADC, λ1, λ2 and λ3 for tdiff = 192 ms at TE = 80 ms
(blue) and TE = 65 ms (red). The bar graph represents the mean value ± standard
deviation over all the slices acquired in the experiment. ROIs (about 20 voxels each)
were selected in the corpus callosum and the internal capsule.

at a minimum. For this purpose, the b matrix (Eqn. 11) can be computed analytically

[45] to determine the contribution of the different gradient interactions towards the

diffusion measurement. These calculations are much more complex for DSE and the

STEAM sequence. An alternative approach that was used in the present research,

involves geometric averaging [55, 22] to reduce cross-term interaction . For every DW

image acquired at a diffusion directon, another DW image is acquired in the same

diffusion direction but with the gradient directions inverted. For e.g., if the DW im-

age was once acquired along (X, Y, Z) direction, another image is acquired at (-X,

-Y, -Z) direction. The b value can be split into three additive components:

bd: Due to the effect of diffusion gradients,

bct: Due to the interaction of imaging and diffusion gradients and

bimg: Due to the interaction of the imaging gradients.

Therefore, b = bd + bct + bimg. For an image acquired with the inverted gradients, the

b value becomes bd − bct + bimg. When the two images are multiplied together on a

pixel by pixel basis, bct term cancels out (20). The cross-terms due to the imaging

gradients is not canceled but the effect of these gradients is usually minimal.
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S =
√

S+S− =
√

S0e−b+DS0e−b−D = S0

√
e(bd+bct+bimg)De(bd−bct+bimg)D

= S0e
(bd+bimg)D ≈ S0e

bdD (20)

The main disadvantage of this method is that the acquisition time is doubled.

The SNR obtained after geometric averaging is always less than the SNR obtained

with the arithmetic mean of two images. This loss can be compensated by increasing

the number of averages at the cost of increased total acquisition time.

3.1.2 Coil Setup

To increase the SNR of each image acquisition, a custom-built surface coil (courtesy,

Athinoula A. Martinos Center of Biomedical Imaging, Massachusetts General Hospi-

tal, MA 02129) was used. The SNR increased by approximately 30% with the use of

this coil as compared with a standard volume coil used for primate imaging. The coil

interface with the Siemens 3T Trio machine, used for this study is shown in Fig.(13).

Additionally, a testing rig was built for testing the pre-amplifier used in the receiver

circuit. (Details of the circuit are not shown due to confidentiality agreement with

Siemens)

Network

Analyzer (S
21
)

DC

(a) (b)

Figure 13: Coil Design and Interface for the Custom-built Surface Coil used in the
Present Work.
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3.1.3 Phantom Selection and Setup

In order to test the imaging sequence and optimize the protocol, a spherical (φ = 45

mm) isotropic phantom was filled with 0.5 M Mannitol dissolved in Dimethyl Sulfoxide

(DMSO). The ADC of Mannitol [16] in water is 0.90×10−3 mm2/s. Although the ADC

of Mannitol in DMSO is not known, it was expected that the ADC would be closer to

that of water in the brain tissue (0.76×10−3 mm2/s) [35] as against the ADC of water

in an isotropic phantom (2×10−3 mm2/s). The similarity in ADC would facilitate

the choice of imaging parameters befitting the ex vivo and in vivo studies.

For cross-term correction, the average ADC value for the phantom was used as

the reference (0.39×10−3 mm2/s). Early testing revealed that there were significant

cross-terms along the slice selection (SS) and the read-out (RO) direction. Ideally, the

ADC measured along any axis should be identical for a isotropic phantom. However,

it was observed that, as the tdiff is increased, the ADC measured along the three

axes varied more as shown in Figure 14.

48 192

tdiff

ADC (mm2/s)

ms

Figure 14: Variation of ADC along the Three Axes (PE, RO and SS) with tdiff .
PE: Phase Encoding (X Axis), RO: Read Out (Y Axis), SS: Slice Selection (Z Axis)
It can be seen that the effect of cross-terms worsens with increase in diffusion times.
The difference in the ADC values calculated along the three axes for the two diffusion
times (48 ms and 192 ms) that were used for ex vivo studies are marked by the vertical
black lines.
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For the ex vivo studies, the maximum difference in the ADC in an isotropic phan-

tom was about 8.1 ± 1.1% at tdiff= 48ms and approximately 14.3 ± 1.4% at tdiff=

192ms. After correction, these differences reduced to 3.3± 1.7% at tdiff= 48 ms and

5.4± 1.7% at tdiff= 192 ms. The plots for geometric averaging done across the three

axes for tdiff= 48 ms and 192 ms are shown here in Figure 15(a). Similarly, geometric

averaging was performed for the in vivo studies (Fig. 15(b)). The maximum variation

in ADC reduced from 10.4±2.3% to 3.1±0.5% at tdiff= 50 ms and from 13.4±3.1%

to 4.7 ± 1.0% at tdiff= 200 ms. For the DSE sequence, the cross-terms were much

lower with a maximum variation in the ADC value was 3.8 ± 1.0% for the ex vivo

studies and 5.0 ± 1.2% for the in vivo experiments. Hence, the correction was not

implemented for DSE.

Unfortunately, geometric averaging does not remove the effect of interactions of the

imaging gradients. This results in the application of a non-uniform b-value along the

three axes and can adversely affect the accurate estimation of ADC. Ideally, the ADC

of an isotropic phantom calculated by any sequence should be identical. To study this

effect, an experiment was performed to measure the ADC of the mannitol phantom

at different b-values at the different diffusion times used in this study. Geometric

averaging was performed on the data. As seen in Figure 16, the slope of ln(S/S0) is

the same for the shorter diffusion times in both ex vivo and in vivo studies. However,

they do not coincide with one another, indicating that the ADC calculated by the two

methods would be different. The difference is proportional to the offset between the 2

slopes. For the longer diffusion times, in both ex vivo and in vivo studies, the slope and

the offset of the ln(S/S0) lines is different. For the ex vivo imaging parameters, the

ADC calculated with DSE can be similar to or slightly higher than the ADC calculated

with STEAM at long tdiff . The imaging protocol used in in vivo studies predicts

that the ADC calculated with STEAM at long tdiff < DSE < STEAM at short

tdiff . Hence these values cannot be used for establishing the accurate dependence
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Figure 15: Geometric Averaging: (a)Ex vivo studies: The plots show the variation in
ADC along the phase encoding (PE), read-out (RO) and slice selection (SS) directions
for tdiff= 48 ms (left) and tdiff= 192 ms (right). Similar results are shown for the in
vivo studies (b) for tdiff= 50 ms (left) and tdiff= 200 ms (right). The red and blue
curves indicate the ADC values obtained with opposite gradient directions and the
green curve represents the ADC values obtained after geometric averaging. Geometric
averaging is very effective at minimizing the effects of cross-term interactions. (S+:
DWI image obtained with one set of diffusion gradients, S−: DWI image with the
same diffusion directions as S+ but with opposite magnitude of the diffusion gradients,
S: corrected image)

of ADC on diffusion time. However, the parallel and perpendicular diffusivities can

be used to determine the changes in D with increase in diffusion time. Further, the

ratio of parallel diffusivity to perpendicular diffusivity will corroborate the increase

in anisotropy, observed at long diffusion time.

3.2 Ex vivo fixed brain experiments

Study of ex vivo nerve tissues has provided significant data on the dependency of ADC

on diffusion time [11, 62]. In particular, fixed tissue samples serve as good protoypes

for studying anatomy [72, 14, 33]. For ex vivo studies, imaging protocols can be

optimized for superior image quality in terms on high SNR and resolution. Ex vivo
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Figure 16: Effect of b value on ADC: ln(S/S0) is plotted against b values. The
trend for the three sequences can be seen. For the ex vivo study, the ADC calculated
using STEAM48 is higher than that calculated by STEAM192 and DSE. Due to the
residual cross terms, the ADC calculated by STEAM192 and DSE does not appear
significantly different. However, for the in vivo protocol, the ADC calculated by
STEAM200 is the least, followed by DSE and STEAM50. Ideally, the ADC with
STEAM at short tdiff and DSE at short tdiff must be identical.

studies also have an advantage due to the absence of any physiological noise. Studies

[72] have shown that DTI parameters are not significantly affected by formalin-fixation

of the nervous tissue. Although, the SNR in formalin-fixed mice brains is lower, the

relative SNR 1 in different white matter tracts was similar to that in in vivo studies.

RA values, tensor orientations, and longitudinal and radial diffusivities normalized

by D were similar to those calculated in vivo [72]. However, the ADC values were

significantly reduced (by approximately 0.5 times the ADC calculated in vivo). DTI

1Relative SNR refers to the difference in the SNRs of different regions in the brain

34



studies in fixed primate brains further showed that DTI parameters are affected by the

time interval between death of the organism and completion of the fixation process.

This duration is known as Post Mortem Interval (PMI) [13]. As PMI increases, the

increased tissue degeneration causes an increase in the ADC and decrease in the

FA. Thus, although formalin-fixed brains are excellent choices for neurological and

neuro-pathological studies using DTI, the fixation process is critical to obtain results

similar to that of in vivo studies. In any case, the relative difference in the tissue

composition and orientation across different neural pathways is maintained even after

fixation. Hence, formalin-fixed brains serve as excellent models to study the brain

structure.

For the ex vivo fixed brain studies, the tissue was perfused-fixed in 10% forma-

lin and 4% formalin. Initial experiments showed that the SNR obtained with 10%

formalin-fixation was low. In this study, WM T2 was 42 ms in 4% formalin and 40

ms in 10% formalin. GM T2 was 47 ms in 4% formalin and 42 ms in 10% formalin.

It is conjectured that the similarity between GM and WM T2 in the 10% formalin

could be due to the reduction in the mobility of water upon fixation. Pfeufferbaum

et al. [64] suggest in their study that the difference between the mobility of water in

the GM and WM decreases due to fixation and also decreases over time. Contrary to

the notion that GM is isotropic, early experiments showed that the FA in the GM

for 10% formalin-fixed brains increased significantly with increase in tdiff .

A possible reason for the increased FA in the GM for the 10% formalin-fixed brains

could be the reduced SNR obtained with 10% formalin fixation. The T2 in GM was

lower by 5 ms in the 10% formalin-fixed sample as compared in the 4% formalin-fixed

sample. This decrease in T2 itself by 5 ms causes a drop in the signal intensity of 20%

in the GM and could cause an erroneous measurement of DTI parameters at lower

SNR values.

Since the FA of the GM remained independent of tdiff in the 4% formalin-fixed
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samples, and since the SNR was about 29% higher in 4% formalin fixed brains, they

were used to confirm the hypothesis of this study. Four 4% formalin-fixed tissue

samples were used. Eight experiments were performed on these brain samples. The

same protocol was used for the validation of the tractography results. In order to

minimize the susceptibility artifacts at the tissue-air surface, the tissue sample was

washed thoroughly and immersed in water. However, the surrounding water gave

rise to a strong signal of the water from the edges of the phantom and caused Gibbs

Ringing. This can be seen in the form of a checker board pattern in the tissue sample.

To remove the ringing artifact, 0.018 mg/ml of Magnetic Iron-Oxide Nano-compounds

(MIONs) was added to the water to annul the signal of water. Figure 17 shows that

the addition of MIONs efficiently eliminates Gibbs Ringing and the checker board

pattern is completely removed. The MIONs were large enough to remain outside the

brain tissue. This was verified by acquiring T1 and T2 weighted images of the sample

over 1 week.

(a)

(c)

(b)

(d)

Figure 17: Gibbs Ringing Artifact : (a)Fixed brain sample immersed in water. The
ringing artifact arising from the edges of the container can be clearly seen in the
image and the kspace data (b). (c) and (d) show the image and the corresponding
kspace data after the addition of MIONs.

In all experiments, T1-weighted anatomical data was acquired to evaluate slice
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positioning and for intensity based segmentation of WM and GM. T1 weighted im-

ages were acquired using a Fast Low-Angle Shot(FLASH) sequence. The imaging

parameters were: TR = 200 ms, TE = 7.7 ms, FOV = 70 mm × 70 mm, matrix size

= 128 × 128, slice thickness = 2 mm, flip angle = 25◦ and the number of averages =

2.

3.3 In vivo fixed brain experiments

For the in vivo studies, the animals were first anesthetized with Telazol (3-5 mg/kg).

The ears were coated with EMLA Cream and the eyes with PuraLube. Lactate

ringer solution was delivered via an intra-venous line to the animal during the scan.

The animal was placed in a cradle and the head was immobilized using a mouth-

piece and ear-bars. The animal was anesthetized using 1 - 1.5% isofluorane during

the experiments. The experiment involved obtaining T1-weighted anatomical scans

followed by 2 sets of DTI scans, one at short tdiff and one at long tdiff . The animals

are recovered completely before returning them to their cages. Five rhesus monkeys

were used in each set of study. Six experiments were conducted on these animals

using the procedure described.

The in vivo studies have the advantage of longer relaxation parameters (T1 and

T2) thereby providing a higher SNR. Along with the modifications to the STEAM

sequence described earlier, the total acquisition time for these scans was drastically

reduced. To minimize physiological noise, the experiments could have been converted

to a single-shot EPI study. However, the SNR drops significantly with single-shot

EPI, especially for the STEAM sequence. The TR was adjusted to a multiple of

the respiration rate to reduce the effect of physiological noise and 4-shot EPI data

was acquired. After image acquisition, images that contained a significant ghosting

artifact were removed. The quality of the images was determined by visual inspection.

In the in vivo experiments, T1-weighted anatomical data was acquired to evaluate

37



slice positioning and to perform intensity based segmentation of WM and GM. T1

weighted images were acquired using a FLASH sequence. The imaging parameters

were: TR = 3500 ms, TE = 135 ms, FOV = 100 mm × 100 mm, matrix size = 256

× 256, slice thickness = 2 mm, flip angle = 25◦ and the number of averages = 2.
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CHAPTER IV

EX VIVO AND IN VIVO STUDIES OF DTI AT LONG

DIFFUSION TIME IN RHESUS MACAQUES

4.1 Data Analysis

Various parameters such as FA, ADC and DE were calculated for the three acquisi-

tion schemes: DSE, STEAM at short tdiff and STEAM at long tdiff to evaluate the

effect of employing long diffusion time for DTI tractography. Then fiber connectivity

was compared using fast marching and line propagation. The details of the analysis

and the comparison follow next.

4.1.1 Diffusion Parameters

Fractional anisotropy and ADC were measured in the white and grey matter in all the

acquired images. White and grey matter were segmented using T1 weighted images.

A student t-test was performed on the FA and ADC data to verify if the difference

was statistically significant 1. Based on the hypothesis of this study, the use of long

tdiff should provide tensors with a higher magnitude and consequently should have

a higher FA in the WM voxels.

4.1.2 Geometric Diffusion

The CL, CP , and CS measures of diffusion provide an insight into the shape of the

diffusion profile, giving an idea of the underlying tissue arrangement. The three-phase

(3P) plots is a convenient and useful approach to study how the shape of the diffusion

profile changes with the use of a longer diffusion time. These plots are obtained as

1A Student t-test is a simple satistical method to test a hypothesis on the basis of the mean of
two sample distributions.
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follows:

x =
1 − CP + CL√

3
(21)

y = 1 − CP − CL (22)

Diffusion anisotropy is then classified on a triangle with isotropic diffusion repre-

sented by CS at the apex of the triangle, CL at the left vertex and CP at the right

vertex. Figure 18 represents the three phase plots . Any diffusion in the tissue can

now be represented in this triangle. If the diffusion profile shifts towards CL or CP ,

CL=0CP=0

CS=0

Y

X

(a) (b)

Figure 18: Three-Phase Plots: (a) The triangle representing geometric diffusion
obtained using Equations 21 and 22. (b) Isocontours of one standard deviation from
the mean location in 3P space are plotted. The distributions are highly overlapping
in three groups of tissues: 1) corpus callosum (CC) and internal capsule (IC), 2)
arcuate fasciculus (AF) and sub-cortical white matter (SCW), and 3) gray matter
(GM), lentiform nucleus (LEN) and thalamus (TH).(b), reproduced from [2]

then it can be assumed that the application of long tdiff indeed, increased the sensi-

tivity of the technique to diffusion anisotropy. A deflection towards CL would reflect

an increase in the linear diffusion and would indicate tensors with larger magnitude

that can be conveniently used for fiber tracking. A deflection towards CP would

represent an increase in the detection of fiber crossings. Such voxels may be useful in

the advanced fast marching method to detect fiber branching [70].

The means of the scatter plots and the distribution of the values of x and y
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(Equations 21 and 22) were obtained for the selected ROI, for each acquisition were

calculated. A Student-t test can ony be used for a sample dstribution that is normal or

if the sample size is large enough. Lilliefors test was used to test the goodness of fit of

these distribution to a normal distribution. It was observed that the distributions were

not normal and a Kolmogorov-Smirnov test was used instead to determine whether the

distributions obtained for the different acquisition schemes were significantly different.

4.1.3 Directional Entropy

Traditionally, directional entropy, DE, is calculated over the whole brain volume.

Since there is a lot of variance in the directions of the principal eigen vector across

all the voxels, the whole brain DE is not very useful for analysis. DE is therefore,

calculated for every voxel using a 5×5×5 voxel-neighborhood [56], and then averaged

over the acquired volume. However, in this study, DE was calculated over a region

that encompasses core white matter tissue and white and grey matter interfaces. It

is believed that DTI at long tdiff not only provides a higher FA but also emphasizes

the dominant fiber bundle in a voxel with IVOH. In that case, the orientation of

the tensor will be more coherent with the tensor orientations in the adjacent voxels.

DE then, should reflect such an increased coherence by a decrease in its value. For

calculations of DE in this study, the sphere was triangulated into 196 faces. DE was

measured along the callosal projections and the cortico-pontine and cortico-bulbar

tracts.

4.1.4 Fast Marching Method

Fast marching method is used for determining the probabilistic connectivity map or

a front that depicts the likelihood of an arbitrary point being connected to a chosen

seed point. There are different rate equations to obtain the connectivity front. The

rate equation used for this study is given by Equation (23) [59]. The rate of evolution,

f (shown in Figure 19) of the surface/front from position r to r′ in the brain volume
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is given by

f =
1

(1 − min(|ǫ1(r) · n(r)|, |ǫ1(r) · ǫ(r′)|)
(23)

Figure 19: Fast Marching Technique: The principal eigen vector of diffusion, ǫ1,
is arranged in a directionally coherent manner in tracts, while in grey matter this
coherence is largely lacking. The relation between the front f , ǫ1(r

′), ǫ1(r) and n(r)
is shown. Reproduced from [59].

where ǫ1(r) is the principal eigen vector at position r

ǫ1(r
′) is the principal eigen vector at position r′

n(r) is the normal to the front at r and describes the direction of evolution of

the front. The front propagation was terminated when the connectivity is 50% of the

maximum connectivity in ex vivo studies and was 35% of the maximum connectivity

for the in vivo studies. The threshold at which the front moved outside the brain

tissue was used as the cut-off threshold.

4.1.5 Line Propagation

For fiber tractography, DTI Studio v2.4 [28] and dTV [44] were used. Seeds were

placed in the corpus callosum, cortico-pontine, cortico-bulbar and cortico-striatal fiber

bundles. Although these are prominent fiber tracts in the macaque brain, finer fiber

branches of the callosal tract especially in the paracentral gyrus and the precentral
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gyrus are not tracked completely and WM fibers terminate abruptly as they approach

the GM. Fiber tracking was terminated when the FA value was less than 0.15 and

the turn angle was less than 60◦. Fiber lengths were measured using DTI Studio

v2.4. The percentage increase in the length of the fibers was also calculated. dTV

was used for visualization of the nerve fibers since it directionally encodes the color

of the fibers.

4.2 Results for the ex vivo studies

4.2.1 Diffusion Parameters (FA and ADC)

Data from the eight experiments on the fixed rhesus macaque brains were combined

to study the effects of the application of long diffusion time to DTI tractography. The

FA maps for three slices acquired during one of the experiments are shown in Figure

20.

Figure 20: FA Maps of the Three Slices Acquired in One Experiment.

Figure 21 shows the FA values computed for the three imaging paradigms. The

FA values obtained with DSE, STEAM48 and STEAM192 were 0.31 ± 0.02, 0.32 ±

0.03 and 0.35 ± 0.03 respectively. Thus, for STEAM192, the FA value measured in

the WM was 11.5 ± 5.0% (p < 0.05) higher as compared to STEAM48 and greater

by 11.2 ± 5.2% (p < 0.05) with respect to DSE. There was no significant change

(p = 0.2) in the FA of the GM. The FA value measured by DSE, STEAM48 and

STEAM192 in the GM, was 0.15 ± 0.01, 0.15 ± 0.02 and 0.16 ± 0.02 respectively.

ADC was also measured in the WM and the GM. With STEAM48, the ADC in

the WM was calculated as 0.177 ×10−3 mm2/s and with DSE, it was estimated at
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Figure 21: FA values in the WM (red) and the GM (blue): The FA value measured
at tdiff = 192 ms in the WM was 11.5 ± 5.0% (p < 0.05) higher as compared to tdiff

= 48 ms. It was also 11.2 ± 5.2% (p < 0.05) greater than FA obtained with the DSE
sequence (tdiff = 45 ms). The GM values were not statistically different.

0.155 ×10−3 mm2/s. The value of ADC with STEAM192 was 0.161 ×10−3 mm2/s.

In the STEAM sequence, the ADC of the WM decreased with increase in diffusion

time. However, the ADC value shows a contradictory increase with tdiff when the

STEAM192 and DSE (tdiff = 45 ms) are compared. This is because the residual

cross-term interactions affect both the sequences differently as mentioned in Chapter

3. Instead, the ratio of λ1×2
λ2+λ3

(ratio of parallel diffusivity to perpendicular diffusivity

[72]) was calculated from the eigen values. This ratio was found to be 1.52 ± 0.08 in

DSE, 1.53 ± 0.06 in STEAM48 and 1.62 ± 0.07 in STEAM192 which again confirms

a heightened sensitivity to anisotropy at long diffusion time.

4.2.2 Tensor Evolution

To determine the nature of diffusion anisotropy that caused the increase in FA, three

phase plots were obtained. A region of interest (ROI) was drawn to include the

white matter tracts and the WM - GM regions. While planar diffusion increased

only marginally in some ROIs, the diffusion was mostly linearly anisotropic at long
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Figure 22: Three-Phase Plots: This three-phase plot depicts the geometry of diffu-
sion in the area of the paracentral gyrus shown in the inset. The plot clearly shows
that the diffusion was more linear at long tdiff of 192 ( green scatter plot) ms as
compared to the tensors obtained at the short tdiff using STEAM (red scatter plot)
as well as DSE (blue scatter plot). Note also the scatter plot for DSE and STEAM48
is almost identical, proving that the increased linear diffusion anisotropy was not due
to the use of the STEAM sequence. The dark red, blue and green squares represent
the means of the three scatter plots.

diffusion time. One such example is shown in Figure 22.

Looking at the principal eigen vectors in this region (Figure 23), it can be seen

that the tensors indeed, had a larger magnitude for the STEAM192 acquisition as

compared to the short diffusion time acquisitions. The orientations of the tensors also

are more coherent with those observed in adjacent voxels. The directional entropy,

measured in this ROI was 2.03, 2.10 and 1.96 for DSE, STEAM48 and STEAM192

respectively.

DE was measured along the callosal fiber tract (CC) and the cortico-bulbar,

cortico-pontine and cortico-striatal fiber bundles through the internal capsule (IC).

The measurements are documented in Table 4. The DE in STEAM192 decreased by

18.1 ± 7.2% as compared to STEAM48 and 17.3 ± 6.3% as compared to DSE, in

the corpus callosum. DE obtained in the IC with STEAM192 was 8.4 ± 1.3% less

than the DE obtained with STEAM48. Further, comparison of DE in the internal
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capsule for the DSE and STEAM192 acquisitions showed that the DE reduced by

10.5 ± 1.2% for STEAM192.

Table 4: Ex Vivo Study: DE calculated along the callosal fiber tract (CC) and in
the internal capsule (IC). The values represent mean ± standard deviation.

Acquisition CC IC
DSE 3.19 ± 0.11 2.44 ± 0.52
STEAM48 3.23 ± 0.08 2.38 ± 0.50
STEAM192 2.64 ± 0.29 2.19 ± 0.49

4.2.3 Connectivity and Tractography

Fast marching was implemented by placing a seed that would have probable con-

nections in the cortico-striatal and cortico-pontine fiber tracts and the callosal fiber

tract. For the result shown in Figure 24, the front propagation was terminated when

the maximum connectivity metric was less than 0.5 times the maximum connectivity.

Clearly the front propagated with STEAM192 traverses further towards the cortical

surface in the paracentral region. In general, it can be seen that the connectivity

front spans a greater area with STEAM192.

Finally, line propagation was performed using DTI Studio and dTV. Two seeds

were placed, one in the corpus callosum and one in the internal capsule. Figure

25 shows the tractography results for the ex vivo rhesus brain. The fibers in the

(b) STEAM48 (c) STEAM192(a) DSE

Figure 23: Tensor Evolution: The principal eigen vectors ǫ1 are overlaid on the re-
gion of paracentral gyrus and precentral gyrus shown in the inset. It can be seen in the
white box that the principal eigen vectors have a higher magnitude with STEAM192
(c) as compared to those obtained with DSE (a) and STEAM48 (b)
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Figure 24: Connectivity Map using Fast Marching Technique. It can be seen that
the front propagates further into the paracentral gyrus with STEAM192 as com-
pared to STEAM48 and DSE indicating connectivity in the regions of less structural
organization. The seed point is shown in red.

paracentral gyrus and the precentral gyrus are much longer in STEAM192. The fiber

bundle in the internal also appears much thicker. Table 5 shows that the average fiber

length, also increases in the entire brain volume with the use of long tdiff . It was

observed that many more fibers, detected with STEAM192, terminated in the striatal

regions when compared with those obtained with STEAM48 and DSE. However, the

number of fibers is not used as a comparison metric. This is mainly because DTI is

limited to the detection of one fiber in each voxel regardless of the voxel size. The

number of fibers is dependent on the tensor estimated in each voxel and its orientation

which determines the path that the fiber tract traverses.

Table 5: Ex Vivo Study, Tractography Outcome: Increase in fiber length calculated
using DTI Studio v2.4 [28]. The values represent mean ± standard deviation.

Acquisition Corpus Internal Brain
Callosum (CC) Capsule (IC) Volume

STEAM48 14.56 ± 5.83% 24.79 ± 6.89% 20.41 ± 13.92%
vs. STEAM192
DSE 13.91 ± 9.93% 21.17 ± 10.38% 16.36 ± 9.16%
vs. STEAM192
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(a) DSE (b) STEAM48 (c) STEAM192

Figure 25: Tractography in Ex Vivo Sample: Seeds were placed in the corpus callosum and the internal capsule. Tractography
results are shown for the DSE (a), STEAM48 (b) and STEAM192 (c) acquisitions. As pointed out in (c), the callosal fibers
were tracked further into the cortical surface (shown by the white arrows). Additionally the fibers from the cortico-striatal and
cortico-pontine fiber tracts in the internal capsule were much longer in striatal region shown by the yellow brace bracket. The
tractography shown here is performed using dTV. [44]
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4.3 Results for the in vivo studies

The above results proved that the application of DTI at longer diffusion times, in-

deed, improves the tractography outcome, by a potentially accurate sampling of the

diffusion space in the tissue and by alleviating the effects of tensor averaging and

IVOH. The imaging protocol was subsequently translated to perform in vivo studies

in rhesus macaques. The acquisition time for each scan in the ex vivo experiment

was about 0.5 hours. The maximum duration of the in vivo scans is approximately

3.5 hours. Therefore, the sequence was modified further and cross-term correction

was implemented as mentioned in Chapter 3. Although, the in vivo studies have an

advantage of a higher SNR due to the longer T1 and T2 relaxation times, and the

reduced resolution of 1 mm × 1 mm × 1 mm, the total acquisition time restricts the

number of averages that can be collected in an experiment. Five rhesus macaques

were scanned in this study. Six experiments were conducted for each set of compar-

ison: DSE vs. STEAM200 (Set 1) and STEAM50 vs. STEAM200 (Set 2). Analysis

for the two sets follows next:

4.3.1 Diffusion Parameters (FA and ADC)

FA was measured in the WM and GM areas for DSE, STEAM50 and STEAM200.

Figure 26 shows the comparison of FA calculated using DSE, STEAM50 and STEAM200.

Figure 26(a) shows the fractional anisotropy obtained with STEAM50 and STEAM200.

The FA values in the WM were 0.45 ± 0.04 with STEAM50 and 0.49 ± 0.04 using

STEAM200. The FA in the GM remained unchanged (p = 0.8). In the second set

of experiments, the white matter FA calculated by DSE was 0.44 ± 0.05 while the

FA calculated by STEAM200 was 0.47 ± 0.04, thus establishing that FA in the WM

increases with increase in tdiff .

The values for ADC, λ1, λ2, λ3, and the ratio of parallel diffusivity to perpendicular

diffusivity are shown in the Table 6. For reasons mentioned earlier, a comparison of
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Figure 26: In Vivo Studies (FA of GM (blue) and WM (red):(a) Comparison of
FA between STEAM50 and STEAM200. STEAM200 showed an increase of 6.03 ±
0.52 % (p < 0.01) over STEAM50. (b) In the second set, FA increased by 5.66 ±
0.06 % (p < 0.05) when STEAM200 was used instead of DSE.

ADC values obtained with DSE, STEAM50 and STEAM200 was not made.

Table 6: In Vivo Study: ADC and Eigen values for DSE, STEAM50 and
STEAM200. All values represent mean ± standard deviation × 10−3 mm2/s. The
ratio has no units.

Parameter Set 1 Set 2
STEAM50 STEAM200 DSE STEAM200

D 0.73 ± 0.04 0.67 ± 0.05 0.79 ± 0.05 0.67 ± 0.05
λ1 1.10 ± 0.08 1.06 ± 0.08 1.22 ± 0.08 1.05 ± 0.09
λ2 0.66 ± 0.04 0.60 ± 0.04 0.69 ± 0.04 0.59 ± 0.04
λ3 0.41 ± 0.03 0.36 ± 0.03 0.46 ± 0.03 0.37 ± 0.03
λ1×2
λ2+λ3

2.07 ± 0.07 2.20 ± 0.07 2.10 ± 0.08 2.20 ± 0.08

4.3.2 Tensor Evolution

Analogous to the ex vivo studies, the three-phase plots showed an increase in lin-

ear diffusion for the selected ROIs. Mean of the scatter-plot obtained at the long

tdiff value of 200 ms was calculated and was found to be significantly (p < 0.001,

Kolmogorov-Smirnov test) different from the mean of the scatter plot at the short

tdiff of approximately 45 ms (Figure 27).

Figure 28(a) compares the tensors obtained with STEAM50 and STEAM200 in

the paracentral gyrus. Similar to the ex vivo results, the primary eigen vectors and

hence tensor magnitudes are much larger for the STEAM200 sequence in comparison
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Figure 27: Three-phase plots in the In Vivo Study. (a) Pink dots represent the
diffusion anisotropy obtained at tdiff = 50 ms and the pale green dots represent
anisotropy at tdiff = 200 ms obtained with the STEAM sequence in the paracen-
tral gyrus. The respective mean values (red - STEAM50, green - STEAM200) are
significantly (p < 0.001) different and indicate that CL increased when STEAM200
was used. (b) shows the scatter plot for DSE (pink dots) and STEAM200 (pale green
dots). Again the use of STEAM200 increased linear anisotropic diffusion as compared
to DSE (tdiff = 47 ms

with the principal eigen vectors obtained with STEAM50. Similar results are ob-

tained when tensor maps are calculated and compared for the DSE and STEAM200

acquisitions. Figure 28(b) also shows increased coherence in the tensor orientation

near the striatal region.

The DE was calculated in the callosal fiber tract and the internal capsule (Table

7). Comparison of the directional entropy, calculated by STEAM50 and STEAM200,

revealed that DE decreased by 17.06 ± 4.04% in the CC and by 9.79 ± 2.21% in the

IC with STEAM200 when compared to STEAM50. In the second set of comparison,

DE decreased by 12.16 ± 1.62% with STEAM200 with respect to DSE in the CC

and by 14.88 ± 2.57% in the IC. Again, the decreased DE confirms that the tensors

in the adjacent voxels along a fiber tract are more co-linear at long tdiff than at short

diffusion time.
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(a) STEAM50 (b) STEAM200

(a) DSE (b) STEAM200

Figure 28: Tensor Evolution: The first row compares the principal eigen vector
plots, obtained in the paracentral gyrus with STEAM50 and STEAM200 and the
second row compares the plots for DSE and STEAM200. The white squares show
regions where STEAM200 estimated longer and coherent tensors.

Table 7: In Vivo Study: Directional Entropy measures in the corpus callosum and
the internal capsule. All values represent mean ± standard deviation.
Region Set 1 Set 2

STEAM50 STEAM200 DSE STEAM200
Corpus Callosum (CC) 2.33 ± 0.51 1.93 ± 0.48 2.98 ± 0.49 2.60 ± 0.48
Internal Capsule (IC) 2.00 ± 0.54 1.80 ± 0.52 2.46 ± 0.48 2.10 ± 0.60

4.3.3 Connectivity and Tractography

Fast Marching Tractography (FMT) was performed on the in vivo data that was

acquired for the three sequence protocols. Again, the front was allowed to propagate

until it spread into GM regions or outside the brain tissue. Figure 29 shows the out-

come of FMT. The cut-off threshold for the in vivo studies was 0.35 of the maximum

connectivity.

Line propagation was performed next. The results are shown in Figure 30. The
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(a) STEAM50

(b) STEAM200

(a) DSE

(b) STEAM200

Figure 29: Fast Marching in In Vivo Experiments: The first row shows the fast
marching connectivity profiles obtained for STEAM50 and STEAM200 when the seed
was placed in the corpus callosum. It can be seen (white arrows) that STEAM200
shows more extensive connections when compared to STEAM50. In another ex-
periment, similar results were obtained when fast marching was implemented and
comparison was made between in DSE and STEAM200.

first row compares fibers tracked by DSE and STEAM200 while the second row com-

pares tractography outcome of STEAM50 and STEAM200. The figures clearly show

that the nerve fibers from the CC and the cortico-pontine tracts traced in the frontal

lobe are more abundant and longer at a long tdiff of 200 ms as compared to a tdiff

of ≈ 47 ms. Percentage increase in the length of the fibers is documented in Table 8.

Comparison of the ex vivo and the in vivo results further shows that the improve-

ment due to the use of long diffusion time for DTI tractography was more pronounced

in the ex vivo studies. Possible reasons for this difference are outlined below:

• Tissue Properties: Studies reveal that the ADC in formalin fixed ex vivo brain

samples decreases significantly [72, 14] by about 50% - 75% as compared to the
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(a) STEAM50 (b) STEAM200

(a) DSE (b) STEAM200

Figure 30: Line Propagation, In Vivo Studies: The first row compares line propaga-
tion outcome for STEAM50 and STEAM200. The fibers in the paracentral gyrus and
the precentral gyrus (frontal lobe) are much more abundant and longer in STEAM200
as against STEAM50. Similar results were obtained in the frontal lobe, when DSE
and STEAM200 was compared.

ADC of water in the brain tissue in vivo. The T1 and T2 relaxation parameters

change significantly following fixation due to the reduced water content and

tissue shrinkage. Furthermore, the pulse sequences themselves introduce some

T1 and T2 weighting in the tissue. The relative population of water species

with the longer and shorter T2 does not remain the same after fixation and the

TR and TE cannot be adjusted well enough to compensate for these changes,

due to the limitations of the gradient fields.

Although the reason for the reduced ADC is unclear, Sun et al. [72] believe that

formalin fixation affects the lipid composition in the myelin sheaths thereby

increasing the barriers encountered by the diffusing water molecules. The ADC

Table 8: In Vivo Study: Percentage increase in fiber lengths
Acquisition Corpus Internal Brain

Callosum (CC) Capsule (IC) Volume
STEAM50 10.10 ± 2.89% 7.34 ± 2.77% 8.52 ± 3.62%
vs. STEAM200
DSE 6.24 ± 1.46% 11.44 ± 4.68% 6.32 ± 2.16%
vs. STEAM200
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of a normal un-fixed brain is ≈ 0.76 ×10−3 mm2/s and a tdiff of 48 ms samples

a diffusion space of ≈ 15 µm. However for the fixed tissue, the 3D distance

traversed by water with an ADC of ≈ 0.15 ×10−3 mm2/s is ≈ 6 µm. Hence it

is likely that all the restrictive boundaries are not sampled at a short tdiff of

48 ms in a fixed sample.

• b Value: The imaging parameters are significantly different for the two studies,

especially the b value. The b value for ex vivo studies was 1700 s/mm2 while

that in the in vivo studies was 1200 s/mm2. The higher b value was necessary to

produce enough contrast between the b0 image and the diffusion weighted image

to ensure correct estimation of the diffusion parameters. However, a higher b-

value also increases the sensitivity of DTI to diffusion anisotropy [1, 82].

• Resolution: Diffusion tensor estimation in DTI is greatly affected by the image

resolution. At higher resolution, the low SNR causes an overestimation of the

DTI parameters and at a lower and poorer resolution, DTI parameters are

affected by partial volume effect. The ex vivo experiments were acquired at a

high resolution of 0.54 mm × 0.54 mm × 2 mm while the in vivo data was

acquired at a poorer resolution of 1 mm × 1 mm × 1 mm. Additionally, in this

study the SNR of the ex vivo brain images was higher than that obtained in

vivo due to the large number of averages possible in that study.

A lower resolution yields large voxels containing different tissue components

such as the WM, GM and the cerebrospinal fluid (CSF) giving rise to partial

volume effects . Partial voluming significantly alters the calculations of FA,

CL and CP [1]. The effect of partial volume greatly depends on the underlying

tensor orientations and volume fraction for each tissue component and makes

the rotationally independent parameters such as FA and ADC to be dependent

on the rotational orientation. This rotational dependence has been observed
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greatly in the cingulum (anterior and posterior), pyramidal tracts, the middle

cerebral peduncle and the corpus callosum. Rotational dependence of DTI

parameters was shown to reduce with increase in the resolution [1]. Further the

standard deviation of the FA becomes larger at lower resolutions due to the

effect of partial voluming [32]. Thus, the effect of partial volume is higher in the

in vivo studies due to the low resolution causing an underestimation of the FA

thereby limiting the improvement seen due to the application of long diffusion

time.

• Other: A reduced SNR has been shown to cause an overestimation of the FA

values [82]. For the in vivo studies, although the voxel size was larger in com-

parison to the voxel size used for ex vivo studies, the SNR value was not as high

as the one obtained ex vivo.
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CHAPTER V

VALIDATION OF DTI TRACTOGRAPHY

Diffusion tensor imaging has revolutionized the non-invasive study of tissue microstruc-

ture and has provided a detailed insight into the structure of the brain. However, the

validation of the information obtained from DTI images remains to be investigated.

This is particularly important in the diagnosis and evaluation of white matter dis-

orders such as Alzheimer’s Disease and multiple sclerosis, where there is significant

variability across affected individuals.

Phantoms with known geometrical arrangements are being designed to test the fi-

delity of DTI tractography [81, 41]. But it is difficult to reproduce the tissue structure

and emulate the ongoing active and passive processes that occur in a tissue. Besides,

the exact mechanism for the dependency of diffusion anisotropy on diffusion time is

yet unknown. However, recent studies use complementary MR techniques to validate

the fiber tractography obtained using DTI. For example, Lin et al. successfully vali-

dated the accuracy of DTI in delineating the optic tract in mice with a simultaneous

acquisition of Manganese Enhanced MRI (MEMRI) [37] .

DTI tractography in animals has been limited to the study of small animals and

rodents [86]. Very few studies have been done in non-human primates. However, nerve

connections in the rhesus brain have been outlined in great detail using histology,

autoradiography and staining techniques [19, 88, 71]. One such neural pathway is the

visual pathway [29, 30]. Fast marching technique was used to successfully delineate

the optic radiation originating from the LGN in the rhesus macaque by Parker et

al. [60]. The study was however, conducted at a much lower resolution (in-plane

resolution: 2.2 mm × 2.2 mm) and suffered from partial volume effects. No results
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were shown for the optic tract. In this study, the extensive documentation available

on the morphology of the optic tract in non-human primates was used to choose the

tract for validating the results obtained using DTI at long diffusion time [29, 71].

In the previous chapters, it has been proved that the use of long diffusion time

for DTI tractography provides longer fiber tracts as compared to conventional DTI.

This chapter verifies if the fibers tracked using DTI at long tdiff are more accurate

and conform to the well- documented anatomy of the rhesus brain. For this purpose,

tracking was performed in the optic tract using the standard DSE sequence at tdiff

= 45 ms and STEAM192 at tdiff = 192 ms. Comparison between STEAM48 and

STEAM192 was not made since the earlier ex vivo studies indicate that the DTI

outcome with STEAM48 and DSE is similar. Further, the DSE sequence is the most

popular method used for DTI tractography and comparison of the DTI ouctome, using

STEAM192, would provide us an idea of the improvement in tractoraphy, observed

with STEAM192, with respect to the current standards.

5.1 Visual System Tractography

The visual system forms an important component of the central nervous system which

allows an organism to see objects and perceive their depth and motion. The visual

system consists of the eye (retina), the optic nerve, optic chiasm, optic tract, lateral

geniculate nucleus (LGN) , the optic radiation, primary visual cortex and the associate

visual cortices (Figure 31). The photoreceptor cells in the retina receive light and

transmit the sensory input to the bipolar cells they synapse with. Most of the retinal

axons terminate in the LGN. The LGN consists of 6 layers of cell bodies [31, 30]

that are separated by the intralaminar layers of the axons and the dendrites and is a

structure in the thalamus (midbrain). The LGN also consists of a number of nerve

fibers that project to the visual cortex and the visual association cortex via the optic

radiation. The numerous fibers and fiber crossings in the LGN, make it difficult to
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tract the retinal projections that reach it via the chiasm [27] using DTI.

Figure 31: The Mammalian Visual System. Taken from [21]

The study by Lin et al. [37] revealed that the axonal projections tracked by DTI

stopped short of the LGN due to the random tensor orientation in the LGN. Few nerve

fibers that reach the LGN continue to the Superior Colliculus (SC). No tracking was

performed to detect nerve fibers that project to the superior colliculus from the retina

via the LGN. Another study that compared fiber orientations using DTI and Diffusion

Spectrum Imaging (DSI) in the optic tract revealed that the error in the determining

the correct fiber orientation in the superior colliculus was significantly higher [38] due

to the presence of multiple fiber orientation also referred to as IVOH.

In this study, an attempt was made to tract the optic projections in the chiasm
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from the retina to the LGN and the SC. Since the ex vivo study already established

that the STEAM sequence to implement DTI at long diffusion time improves trac-

tography in comparison to DTI at short diffusion time, regardless of a STEAM or

DSE implementation, only the standard sequence DSE at short tdiff , and STEAM at

long tdiff were compared. The data was compared to available histological data and

to the anatomical data collected during the acquisitions. Details of the study follow

next.

5.2 Experiment Design

5.2.1 Setup

For this comparative study, fixed rhesus macaque brain samples were used. The

samples were washed in water and immersed in water containing 0.018 mg/ml of

MIONs to prevent Gibbs Ringing. Geometric averaging was used for cross-term

correction. The slice selection was based on the T2-weighted anatomical data that

was collected prior to the DTI study. The imaging protocol was identical to the one

used for the ex vivo studies. Only, 7 axial slices were collected to cover the entire

optic tract. Since the slice thickness was too high (2 mm), there was a possibility

that the detailed structure of the LGN would not be detected, so sagittal slices were

acquired in one of the experiments to capture the dolphin shaped structure of the

LGN. Seven experiments were conducted on two fixed brains samples.

Anatomical data was acquired using the same imaging parameters as the ex vivo

study. The anatomical images and the corresponding color coded and directionally

encoded maps for the acquired slices are shown here (Figure 32).

5.2.2 FA and Tensor Evolution

Fractional anisotropy was measured along the optic tract. The FA value measured by

DSE at tdiff = 47 ms, was 0.49 ± 0.07 while FA calculated by STEAM192 was 0.54

± 0.08, corresponding to an increase of 8.69 ± 1.78%. This increase in FA translated
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Figure 32: Top row: T1 weighted images of the slices containing the optic tract. The bottom row show the color coded FA
maps for the corresponding slices. (The red color represent fibers traversing horizontally from left to right or right to left, green
color represents fibers that go from top to bottom or vice versa and blue represent fibers that come in or go out of the plane of
the image.
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to increased magnitude of the diffusion tensors as shown next.

Plots superimposing the principal eigen vectors on the FA maps were evaluated

across the different slices. Figure 33 shows the first two slices. Similar to the obser-

vations in the ex vivo and in vivo studies, it can be seen that the tensor orientations

in the first slice that represents the start of the optic tract are slightly longer with

STEAM192. More prominently, when the tract advances toward the LGN in the sec-

ond slice bottom row, the FA falls significantly in the optic tract. The eigen vectors

obtained with DSE are not as prominent or coherent as those seen in the STEAM192

acquisition. Similarly in the fifth slice containing the SC, the tensors obtained with

STEAM192 are much longer than those obtained from the DSE acquisition.

Directional entropy was measured along the optic tract. In the DSE acquisition,

DE was 2.87 ± 0.58 and in the STEAM192 sequence, DE was 2.70 ± 0.70. The

decreased DE confirms the increased tensor coherence seen in Figures 33 and 34.

5.2.3 DTI Tractography

Fast marching and line propagation was performed in the optic tract. The DTI data

was compared with the histological data and MR atlas for humans and monkeys and

the LGN and the SC were located in the T1-weighted anatomical images for reference.

For fast marching an ROI was placed on the optic tract between the chiasm and the

LGN. As can be seen in the figure, the connectivity profile propagates almost vertically

through the four slices shown in Figure 35. The front propagated by STEAM192 is

more similar to the anatomical arrangement of the optic tract in that it traverses

laterally away from the chiasm as it propagates through the four slices. The front

curves inwards (slice 3) to terminate in the LGN and further shows diffuse connectivity

to the SC.

For the line propagation technique, two region tractography was performed with

one region of interest (ROI), placed in the optic tract just after the chiasm and the
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Figure 33: Tensor Plots in the First and the Second Slices: The first slice (top row)
shows the tensors as the inception of the optic tract. The second slice (bottom row)
depicts the tensors in the optic tract as it reached the LGN. OT: Optic Tract, SNr:
Substantia Nigra

other ROI was placed in the SC, based on their location in the anatomical images.

The number of fibers tracked between the 2 regions were calculated using dTV. While

DSE did not track any fibers when two-region tractography was used STEAM192

delineated 20 ± 8 fibers. The results shown in Figure 36 are procured using a single

ROI placed on the optic tract. The optic fibers, tracked by STEAM192 conformed

with the anatomical description of the tract. After tractography, the images were

registered to the anatomical T1-weighted images and superimposed on the anatomy

to verify the accuracy of fiber tracking. The imaged brain volume was rendered in

3D and the optic tracts were visualized in the brain volume. Image registration was

performed using a customized code for image registration 1 using the MATLAB image

1Image registration is the process of establishing a point-by-point correspondence between two
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DSE STEAM192

Figure 34: Tensor Plots in the Fifth Slice: The slice contains the superior colliculus
where some of the retinal axons terminate. The region depicted is shown by a red
square on the right. OT: Optic Tract, SNr: Substantia Nigra, CP: Cerebral Peduncle

processing toolbox. At least 6 points were selected to register the anatomical dataset

to the DTI data. Linear registration was performed to determine the location of the

fibers relative to the anatomy. DSE tracks fibers from the chiasm to the LGN but

the fibers do not curve inwards to terminate in the superior colliculus.

Apart from the retinal fibers that project to the superior colliculus via the LGN,

there is another small neural pathway, the tecto-geniculate pathway that contains

nerve fibers that originate in the LGN and terminate in the SC. This pathway cannot

be distinguished from the optic tract using DTI. Thus, the number or length of

fibers that truly belong to the optic tract cannot be estimated. This failure of DTI to

differentiate the two pathways therefore, limits the use of the optic tract for validation.

Yet, as shown in this study, it proves to be an excellent choice for testing the accuracy

of fiber tracking.

images.
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Optic Tract, Lateral Geniculate Nucleus, Superior Colliculus

(a) DSE

(b) STEAM192

Figure 35: Fast Marching in the Optic Tract: Top row shows the four slices and the
connectivity front for DSE (a) and the bottom row shows the front for STEAM192
(b).

(b) STEAM192(a) DSE

Figure 36: Line Propagation in the Optic Tract: Fibers tracked in optic tract by
(a)DSE and (b) STEAM192
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CHAPTER VI

CONCLUSION

Diffusion tensor imaging is a powerful tool to study nerve tissue ultra-structure by

sampling the diffusion of water molecules in the tissue. The brain tissue mainly

comprises of the white matter and grey matter. The highly restrictive and non-

uniform diffusion in the white matter and the nearly uniform diffusion in the grey

matter provides the necessary diffusion based contrast for DTI. Additionally, DTI

also provides directional information to interpret the orientation of the nerve fibers in

the white matter. DTI measurements depend on the application of a pair of diffusion

sensitizing gradients for a preset duration, tdiff . The commonly used value of tdiff

is approximately 50 ms. Following Einstein’s equation, this duration is sufficient to

probe a diffusion space of about 15 µm - sufficient to probe the intra-cellular and

extra-cellular space in the brain tissue. However, previous studies show that the

diffusion anisotropy is dependent on the diffusion time.

This study was based on the hypothesis that use of a longer diffusion time for DTI

tractography would increase the sensitivity of the technique to diffusion anisotropy,

allowing a more accurate estimation of the tissue geometry. The anatomical simi-

larity in the brain structure of humans and non-human primates makes non-human

primates, excellent models for studying neurology and neuropathology. This work,

therefore, comprised of evaluation of the effects of applying a long diffusion time to

DTI tractography in rhesus macaques.

Conventional spin echo sequences used for diffusion weighted imaging cannot be

used to achieve a higher value of tdiff . The sequences are restrained by T2 signal decay

and the consequent loss in SNR. A STEAM-EPI sequence was customized for DTI,
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thereby allowing the application of long tdiff in DTI at a short TE. The STEAM

sequence inherently has a lower SNR since only half the magnetization is used for

the MR signal. The loss in SNR is partially recovered by the shorter TE allowed

by STEAM. Indeed, the SNR in STEAM48 was higher than DSE in the fixed brain

samples and similar in the in vivo studies. Comparison of STEAM192 was performed

against STEAM48 and the DSE sequence. This was especially necessary, since the

DSE sequence provides a T2 weighted image output while the image obtained with

the STEAM sequence is T1 and T2 weighted. Further, since the T1 and T2 values

of the GM are larger than those of the WM, it is likely that the diffusion weighted

images show lesser signal attenuation in the GM, therebye enhancing the GM tissue

signal intensity as compared to the WM.

The ex vivo and in vivo studies show that the by employing a long tdiff for DTI,

the FA in the white matter and the white-gray matter interfaces increased signifi-

cantly. The three-phase plots facilitate a geometrical interpretation of diffusion. Ap-

plication of long diffusion time skewed the plots towards linearly anisotropic diffusion,

indicating the availability of more rank 1 tensors that provide a dominant direction

for the purpose of fiber tractography. The tensor plots, obtained by superimposing

the principal eigen vector ǫ1 on the FA maps, showed an increase in the magnitude

of ǫ1 at long diffusion time.

Local tissue arrangement is similar and is reflected by the similarity in the ori-

entation of the diffusion tensors in adjacent voxels. It is believed that the use of

long diffusion time improves the accuracy of the tensors. If the diffusion space in

the tissue were not sampled enough at the conventional value of diffusion time, the

tensor orientations would be more varied. On the other hand, if the sampling was in-

deed accurate at long diffusion time, the tensor orientations would be more collinear.

Directional Entropy (DE) was used to evaluate the increased coherence/ collinearity

amongst neighboring tensors along a fiber tract. As expected, DE was shown to have
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significantly decreased with the use of long tdiff .

Next, fast marching tractography was performed on the acquired DTI datasets.

This energy minimization technique is considered more robust as compared to the

line propagation techniques that are used for fiber tractography. It was observed that

the fronts, propagated for the STEAM acquisition at long diffusion time, showed a

larger area of connectivity. These fronts extended further into the GM-WM interfaces

of cortex, especially in the paracentral gyrus, precentral gyrus, the striatal region and

the optic tract of the brain. The advantage of this method can be clearly seen in

the validation of fiber tractography in the optic tract. Although the STEAM192

has a larger area of connectivity in the optic tract as compared to DSE, DSE also

shows some connectivity to the superior colliculus. However when line propagation

was employed for deterministic tractography, the fibers delineated using DSE, did not

terminate in the superior colliculus. Instead the fibers continued towards the optic

radiation. One possible reason is because of the tensor averaging in the region of

the lateral geniculate nucleus and the superior colliculus due to the presence of fiber

crossings. Since line propagation relies only on independent voxel information, the

fiber tract failed to detect the axonal projections to SC.

Fiber tracking was performed using DTIStudio and dTV. ROIs were placed in the

corpus callosum and the internal capsule. The nerve fibers, delineated for DTI at long

diffusion time, were longer than the nerve fibers tracked for DTI at short diffusion

time. More callosal fibers terminate at the cortical surface when long diffusion time

was used. Similarly more fiber branches from the cortico-pontine and cortico-bulbar

tracts in the internal capsule are tracked in the precentral gyrus. Also the termi-

nations of the cortico-striatal fibers are more pronounced for DTI at long tdiff . To

ensure accurate tracking of the optic tract (ex vivo), two-ROI tracking was performed

to determine if a thin bundle of fibers from the retina that terminates in the SC could

be detected. This was possible only for the STEAM192 sequence. The number of
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fibers is not considered a reliable measure for DTI analysis . However in this case, it

was used for a rough comparative evaluation of DSE and STEAM192. While tractog-

raphy with DSE failed to track any fibers with the 2-ROI tracking, with STEAM192,

20 ± 8 fibers were tracked implying the increased accuracy of STEAM192. One ROI

tracking was, therefore performed to compare the optical fibers obtained using DSE

and STEAM192.

All the observations above prove that DTI at long diffusion time indeed improved

the sensitivity of the technique to diffusion anisotropy and thereby improved trac-

tography. As detailed in Chapter 4, the improvement was more pronounced in the

ex vivo studies than in the in vivo studies due to the higher b value, higher resolu-

tion, and lower ADC in the ex vivo study. Although the exact mechanism for this

improvement is yet to be investigated, it is believed that the diffusion space in the

tissue is better sampled at long diffusion time. A larger number of diffusing water

molecules encounter boundaries, thus fine-tuning the probability distribution function

of diffusion and providing more accurate tensor orientations. The heightened FA and

accuracy of the tensors subsequently improves the outcome of fiber tractography.

As mentioned above, the exact mechanism, responsible for this improvement has

not yet been determined. Nonetheless, this mechanism was speculated and explained

in Chapter 3 and can be considered as a combination of increased sampling of the

diffusion space and reduced effect of IVOH. There have been studies [4, 3] that explore

diffusion as a composite model of two independent types of diffusion; restricted and

hindered each weighted by their volume fraction. This principle cannot be applied to

DTI because DTI models the diffusion process as a Gaussian process and furnishes an

average of all diffusion while, on the other hand, restricted diffusion is considered to

be non-Gaussian. However, the composite model offers a simple way of speculating

the factors that affect the diffusion process.
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Restricted diffusion is the diffusion in the axoplasm (intra-axonal) and not be-

tween the layers of the myelin sheath and is relatively slower than hindered diffusion.

Hindered diffusion refers to the extra-axonal part of diffusion. About 70% of the

DTI signal is assumed to be due to hindered diffusion [4]. An example of such a

hindered diffusion can be the diffusion in the ECM. The composition of ECM has

been shown to obstruct diffusion across the axonal fibers in the spinal cord [58]. Wu

et al. [84] estimated that the restricted diffusion coefficient in the WM in humans

is 0.14 ± 0.11 mm2/s and the hindered diffusion coefficient was 0.99 ± 0.35 mm2/s.

In the GM, restricted diffusion coefficient was reported as 0.37 ± 0.17 mm2/s and

hindered diffusion coefficient was 1.07 ± 0.45 mm2/s. Assaf et al. show that the

restricted diffusion is highly directional (anisotropic) while the hindered diffusion is

comparatively less anisotropic (See Figure 37). Diffusion represented by restricted

diffusion is like a toothpick and represents the non-Gaussian part of diffusion. The

ellipsoid represented by hindered diffusion is similar to the diffusion ellipsoid obtained

in conventional DTI and represents the Gaussian part of diffusion. Further, they [4]

showed that diffusion imaging is more sensitive to hindered diffusion at smaller b

values and to restricted diffusion at higher b values. It is conjectured that the use

of long diffusion time increases the contribution of the slow restricted diffusion and

increases the sensitivity of the technique to diffusion anisotropy. Additionally, the

hindered diffusion may also become more anisotropic at long diffusion time.

It is important to note that the interaction of the two compartments; intra-axonal

and extra axonal; is not accounted for in this model since it is considered to be a

slow exchange process [5, 61]. This slow exchange, if consequential, will undermine

the effect diffusion anisotropy, at long diffusion time. This is because the exchange

occurs perpendicular to the axonal fibers and increased perpendicular diffusivity,

thereby decreasing FA.
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6.1 Future Directions

This study shows the feasibility of DTI at long diffusion time for in vivo studies

in rhesus macaques. The results documented in Chapters 4 and 5 prove that the

use of long diffusion time for DTI tractography undoubtedly improves tractography

and hence the technique could potentially improve tractography in humans. It is

important, however, to note that in vivo studies in non-human primates last upto

4 hours. Human scans last for approximately 1.5 hours. The STEAM-EPI sequence

may need further modification to facilitate DTI at long diffusion time in humans.

Nair et. al [54], showed that the application of DTI at long diffusion time in

myelin deficient shiverer mice increased the diffusion based contrast. The technique

can therefore, be used to improve the sensitivity of DTI to other neuro-pathological

disorders associated with neural tissue degradation. A combination of DTI at long

diffusion time with a high b-value acquisition may further heighten the sensitivity of

DTI to diffusion anisotropy in the diseased tissue.

DTI is greatly limited by its inability to detect multiple fiber orientations. It

may be possible to detect the presence of multiple fiber bundles in the same voxel

by sampling it at very short and very long diffusion times. It is likely that a voxel

contains two populations of WM fibers with distinct orientations and each diffusion

time may preferentially sample one fiber bundle over the other. Of course, a voxel

containing equal populations of two distinct fiber bundles cannot be resolved with

DTI. Newer methods such as the advanced fast marching technique use the complete

Figure 37: Composite Diffusivity Model: Diffusion (a) comprises of two processes,
restricted diffusion (b) and hindered diffusion (c). Restricted diffusion forms the
non-Gaussian part of diffusion, represented by a toothpick, while hindered diffusion
represents the Gaussian part that is represented by a diffusion ellipsoid, similar to
the one obtained in DTI. Reproduced from [4]
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tensor information i.e., all the three eigen vectors (ǫ1, ǫ2, ǫ3) in combination with the

geometric measures of diffusion to determine fiber branching. DTI at long diffusion

time could be combined with advanced fast marching technique to further enhance

the capabilities of DTI. Further, a bi-exponential [42] analysis fitting the restricted

and hindered diffusions separately may be beneficial in characterizing IVOH.

DTI has great potential to provide us with information about tissue microstruc-

ture. Every limitation, be it the gradient field strength, design of the appropriate

pulse sequence or post processing, when overcome, will continue to improve the per-

formance of the method in order to provide insight into the intricacies of the human

mind.
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