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Non-invasive measurements of structural orientation provide unique information regarding the connec-
tivity and functionality of fiber materials. In the present study, we use a capillary model to demonstrate
that the direction of fiber structure can be obtained from susceptibility-induced magnetic field anisot-
ropy. The interference pattern between internal and external magnetic field gradients carries the signa-
ture of the underlying anisotropic structure and can be measured by MRI-based water diffusion
measurements. Through both numerical simulation and experiments, we found that this technique can
determine the capillary orientation within 3�. Therefore, susceptibility-induced magnetic field anisotropy
may be useful for an alternative tractography method when diffusion anisotropy is small at higher mag-
netic field strength without the need to rotate the subject inside the scanner.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Determinations of the fiber orientation in biological tissue, such
as the fiber pathways of brain white matter and heart muscles,
provide useful information regarding the connectivity and func-
tionality of such structures. Magnetic resonance imaging (MRI)
provides non-invasive high-resolution anatomical information
with structural contrast that is suitable for this application. For
example, diffusion tensor imaging (DTI) compares the degree of
the restriction of the apparent diffusion constant (ADC) of water
molecules along multiple directions to determine the tissue anisot-
ropy of brain white matter, in a process known as tractography [1–
3].

While DTI is widely-used for tractography, its application may
be limited when the inherent ADC anisotropy is small, as occurs
in large capillaries. Moreover, DTI may be limited at high magnetic
fields, because susceptibility-induced magnetic field inhomogene-
ities increase and degrade the quality of the DTI signal and resolu-
tion [5,6]. Anisotropic susceptibility-induced internal magnetic
fields may be an alternative means of acquiring orientation mea-
surements at higher field strength, and their presence has been
clearly demonstrated in both white matter in the central nervous
system and in myocardial capillary vessels [7,8]. However, these
methods may be impractical for tractography because they require
re-orientation of the subject within the scanner. The primary aim
of the present study was to validate, using simulations and exper-
ll rights reserved.

ly.
iments, new procedures for acquiring tractography data at high
field strengths that do not require re-orientation of the subject.

In this paper, we present a stimulated echo based MRI method
that utilizes magnetic field anisotropy to determine the structural
orientation without the need to rotate the subject, even when the
ADC values appear uniform. For example, when a sample consist-
ing of materials of different magnetic susceptibility levels is im-
mersed in a uniform magnetic field, the magnetic field inside the
sample is known to be inhomogeneous for grain-fluid porous med-
ia [9,10] as well as for biological cells [4,6,11–13]. For a cylindrical
sample such as a capillary, the magnitude and direction of this
internal field is closely related to the orientation with respect to
the applied field [9,10,14,18]. For example, no internal gradient ex-
ists along the direction of the long cylindrical axis. Thus, the direc-
tion of the minimum internal gradient distribution coincides with
the main capillary direction. Conventional MR techniques such as
spin echo sequences [15] only measure the magnitude of the field
gradients and insensitive to the orientation of internal gradients.
Recently, we developed an experimental method that directly
measures the magnitude and the direction of the internal field gra-
dient (~gint) according to the interference effect between the applied
pulsed field gradient (PFG) and~gint [16]. Given that the PFG can be
applied along arbitrary directions, measurements with multiple
projections of ~gint along a series of PFG directions can be obtained
to fully characterize the nature of this vector. As a result, the angu-
lar dependence of the internal gradient distribution can be
mapped, and the direction of the minimum~gint can be determined
from a minimum of six independent interference experiments with
different directions of PFG.

http://dx.doi.org/10.1016/j.jmr.2011.07.021
mailto:hjcho@unist.ac.kr
http://dx.doi.org/10.1016/j.jmr.2011.07.021
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


S.H. Han et al. / Journal of Magnetic Resonance 212 (2011) 386–393 387
This paper is organized with the following specific aims. First,
we analytically show that an anisotropic susceptibility-induced
magnetic field gradient is present in a single capillary when there
is a magnetic field component that is perpendicular to the cylindri-
cal axis of the capillary. Second, we extend this analytical method
by determining a numerical calculation for a randomly packed cap-
illary model for the complete mapping of angular dependence of
the internal gradient distribution in a such system. The estimates
of the direction of the minimum distribution width closely coin-
cided with the direction of long cylindrical axis of capillaries, using
an analogous method used to conventional DTI. Third, we experi-
mentally obtained the interference patterns between the internal
and external field gradients using a stimulated echo based MRI
method with a randomly packed capillary system. This was done
to show that the anisotropic distribution of the internal gradient
can be experimentally obtained, and that the direction of the cylin-
drical axis can be obtained without the need to rotate the sample.
Finally, we confirmed the sensitivity of the proposed tractography
for the case when the spatial resolution is insufficient to resolve
the pore structure fully, so that only the internal gradients distri-
bution can be measured within a image voxel. As a result, we found
through theoretical and experiment demonstration that this meth-
od is indeed feasible to determine the capillary orientation without
sample rotation.
2. Materials and methods

For the direct visualization of the anisotropic susceptibility
magnetic field contrast used in this study, we consider the suscep-
tibility-induced internal field gradient for a single capillary tube in
the presence of a B0 field perpendicular to the cylindrical axis, as
illustrated in Fig. 1A. The analytic solution of the internal field gra-
dient outside the coaxial tube can be written as [17,18],

gx
int ’ B0Dvða2 � b2Þx x2 � 3y2

ðx2 þ y2Þ3
ð1Þ

gy
int ’ �B0Dvða2 � b2Þy y2 � 3x2

ðx2 þ y2Þ3
ð2Þ

gz
int ¼ 0 ð3Þ

where gx
int ; gy

int and gz
int is the internal gradient strength due to the

volume susceptibility difference (Dv = vtube � vext) along the x, y
and z directions, respectively. B0 is the field perpendicular to the
cylindrical axis of the capillary and a and b correspond to the inner
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Fig. 1. (B) plots the susceptibility-induced magnetic field gradient for a capillary tube alo
perpendicular to the direction of B0 field (x) as sketched in (A). The annular field of coa
and outer radius of the coaxial tube. Fig. 1B shows the strength of
internal magnetic field when B0 = 4.7 T (along the x direction),
vtube = �10.66 � 10�6, vwater = �9.06 � 10�6, a = 0.575 mm and
b = 0.775 mm. The values of the dimensionless SI volume magnetic
susceptibility used were the same as those previously re-
ported[18,25]. Along the x and y directions, perpendicular to the
long cylindrical axis, the strong gradient exists near the outside sur-
face with opposite signs across the cylinder, and it decays as one
moves away from the cylinder. A strong anisotropy is observed
along the z direction because susceptibility-induced ~gint does not
exist along this direction, which is the fundamental contrast uti-
lized in this study.

To calculate the position dependent local internal magnetic
field of randomly packed glass capillaries, we first obtained the
positions of all capillaries by MRI, then the contribution of mag-
netic field and gradient from each capillary is calculated and
summed for all the capillaries. This method has been presented
in detail in [24,26,29] and a brief description is given here. In this
method, the boundary between the two materials (glass and
water) is assigned a magnetic charge density value, .m / ŝ � x̂,
where ŝ is the local surface normal and x̂ is the applied field direc-
tion. The total susceptibility-induced magnetic field is the linear
sum of the contributions from all surfaces for small susceptibility
contrasts (Dv� 1):

~Bint
x ð~rÞ ¼ B0

l0

4p
Dv
Z

~r �~r0

j~r �~r0j3
ðŝ0 � x̂ÞdS0: ð4Þ

For the numerical implementation, first, a black and white repre-
sentation (1024 � 1024 voxels) of cylinders was created from the
measured spin density image at td = 50 ms to obtain a high resolu-
tion replica of the experimental setup of the capillary model. The
image was placed at the center of a 2048 � 2048 area to remove
any boundary effect. The susceptibility-induced magnetic field with
given an external field direction was calculated by superposition of
the dipole field from each voxel of the solid (glass) taken as a point
source [26,29]. This linearized approach has been used widely pre-
viously [19–23] to calculate local fields and has been shown to
accurately reproduce the analytical results of cylindrical models[24]
and also validated using experimental measurements of internal
gradient with randomly packed capillary tubes[16] . The angle-re-
solved gradients ~gint � n̂ (where n̂ is the unit vector along the arbi-
trary direction) were then evaluated on the image grid and the
distribution of the angle-resolved gradients was obtained along
each direction.
−5 0 5
Distance (mm)

Susceptibility induced internal gradients

Gx
Gy
Gz

ng three (x, y and z) different directions. The cylinder is aligned along the z direction,
xial tube was set to zero as it produces no NMR signal.
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In a randomly packed capillary model, the profile of the internal
gradients becomes complex and heterogeneous depending on the
local packing configuration [16,24,27]. For example, Fig. 2A–D
illustrate the components of ~gint along the [100], [101], [010]
and [011] directions, respectively, Moreover, these figures also
show the corresponding histogram distribution for each direction.
The direction of the B0 (x axis) was perpendicular to the cylindrical
axis of capillaries. The histograms of the angle-resolved gradient
distributions are shown to be symmetric about zero for a randomly
packed capillary model. Thus, the corresponding width of each dis-
tribution was estimated. The values of the normalized widths with
respect to the [100] direction are shown on the onset of each dis-
tribution. Narrower distributions were observed along the [101]
and [011] directions compared to those along [100] and [010]
directions and this reflects the fact that no internal gradient exists
along the [001] direction, which is the direction of the cylindrical
axis of capillaries. Fig. 2E shows the widths of the angle-resolved
gradient distributions along an arbitrary direction in Cartesian
coordinates for the randomly packed capillary model and the com-
plete angular dependence of the internal gradient distribution. The
distance of the particular surface point of the oblate shape from the
origin represents the width of the angle-resolved gradient distribu-
tion along the corresponding direction. Given that ~gint � ẑ ¼ 0, the
oblate shape converges to zero along the z direction. Fig. 2F shows
the corresponding width anisotropy when the capillaries are
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Fig. 2. (A)–(D) visualize the components of~gint along the [100], [101], [010] and [011] d
is shown. (E) Plots the widths of angle-resolved gradient distributions along an arbitrary
shows the complete angular dependence of internal gradient distribution. (F) Plots the
rotated 20� around the x direction and shows the sensitivity of
the shape at the oblique angles.

The ellipsoidal geometry of the width of the angle-resolved
internal gradient distribution reflects the alignment of capillaries
along the direction of minimum width for an oblate geometry. It
is well known that six parameters are needed to define an ellipsoi-
dal geometry, three eigenvectors that are perpendicular to each
other and three associated eigenvalues that determine the lengths
of eigenvectors. Six independent measurements of the distribution
widths along different directions are sufficient to determine the
width ellipsoid, whose eigenvector and eigenvalues describe the
directions and the lengths of the principal axes, respectively. The
eigenvector with the minimum eigenvalue then corresponds to
the direction of main capillaries.

To determine the six parameters of the width ellipsoids from six
independent measurements, the procedure described was fol-
lowed. First, a symmetric 3 by 3 matrix W was defined to be [2]

W ¼
Wxx Wxy Wxz

Wyx Wyy Wyz

Wzx Wzy Wzz

2
64

3
75: ð5Þ

This internal gradient width tensor W is a symmetric tensor,
which means Wij = Wji. When the width ellipsoid is aligned in
Cartesian coordinates, the off-diagonal terms of W are zero. When
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irections, respectively and a corresponding histogram distribution for each direction
direction in the Cartesian coordinate for the randomly packed capillary model and

corresponding width anisotropy when the capillaries are rotated 20� around the x.
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they are not aligned, the off-diagonal terms are non-zero and diag-
onalization of W gives three eigenvalues and eigenvectors, whose
minimum values coincide with the direction of the cylindrical axis
of the capillaries.

Analogous to conventional DTI method of obtaining diffusion
tensors, width tensors W are determined from six independent
measurements using the below equation,

n̂T �W � n̂ ¼ varðHnÞ ð6Þ

where n̂ is the unit vector along which the distribution is measured,
Hn is the distribution along the direction of n̂, and var(Hn) refers to
the variance of the distribution (Hn). The six parameters for the
width tensor were determined from six independent width mea-
surements along the directions of [nx,ny,nz] = [110], [�110],
[01�1], [0�1�1], [10�1], [�10�1]. After the measurements were
obtained, the inverse of the below equation was used to obtain the
six parameters of W:

Wxxn2
x þWyyn2

y þWzzn2
x þ 2Wxynxny þ 2Wxznxnz þ 2Wyznynz

¼ varðHnÞ: ð7Þ

After the determination of W, a matrix diagonalization was fol-
lowed to determine the direction of the minimum eigenvalue,
which coincides with the direction of cylindrical axis of the capil-
laries. The data were processed using MATLAB R2010a (Math-
Works, Natick, MA) and the outline of this procedure is
presented in the Appendix.

Fig. 3 summarizes the determinations of the direction of the
cylindrical axis at oblique angles using the W tensor approach with
numerical calculations of internal gradient of randomly packed
capillaries. Fig. 3A presents a comparison of the direction of the
cylindrical axis and the minimum eigenvalue direction of the W
tensor, which shows excellent agreement for both the rotation of
cylindrical pack toward the direction of the B0 field (y rotation)
and the rotation around the direction of the B0 field (x rotation).
Fig. 3B shows the change in the maximum eigenvalue for x and y
rotation, respectively. During the y rotation, the magnitude of the
susceptibility-induced gradient decreases in proportion to the
magnitude of decrease in the strength of the B0 component that
is perpendicular to the cylindrical axis. Although, this is expected
to lead to reduced contrast (finally disappearing when perfectly
aligned with B0) and the measured decreases in the maximum
eigenvalues of the W tensor is consistent with this possibility,
but the minimum width of the gradient distribution was still along
the cylindrical axis.
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Fig. 3. (A) compares the direction of the cylindrical axis and the minimum eigenvalue dir
pack toward the direction of the B0 field (y rotation) and around the direction B0 field
respectively.
The value of ~gint can be uniquely determined in experiments
using the pulsed gradient stimulated echoes from diffusing spins.
Using this data, the magnetic field anisotropy of the capillaries
can be experimentally measured. To validate this procedure, a stim-
ulated echo-based (p/2 � te � p/2 � td � p/2 � te � echo) spin-
warp imaging sequence was employed [10,28]. This imaging
method modulates the spin magnetization with internal gradients
during the encoding time (te) and records the decay of the magne-
tization as a function of the diffusion time (td). The decay of the
stimulated echo was measured at a series of diffusion times and
the decay rates of the echo signal were measured according to the
model. These are written as 1=Teff ¼ 1=Tb þ c2t2

e Dg2
int , where 1/Tb,

c, te and D represent the background decay rates (such as T1), the
magnetogyric ratio, the encoding time and the diffusion constant,
respectively. Previous research showed that the strength of internal
gradients (g2

int) measured with this method was in excellent agree-
ment with the theoretical calculations of the internal gradient.
However, any orientation information is lost using this method be-
cause only the squared magnitude is measured. To retrieve the ori-
entation of the internal gradient, an external field gradient~gext was
applied during the encoding time to generate the cross-term be-
tween the external and internal gradients, ~gext �~gint . This allowed
for the determinations of the decay rate from the total gradient,
~gtotal �~gext þ~gint ;1=Teff ¼ 1=Tb þ c2t2

e Dg2
total, where g2

total ¼ g2
int þ g2

ext

þ2~gext �~gint containing the cross-term. As the direction and magni-
tude of ~gext can be controlled, the full vector property of ~gint can
be mapped and the width of the internal gradient distribution along
any direction can therefore be measured. The sample consisted of
randomly packed glass capillaries (Fisherbrand) with an inner
diameter of 1.15 mm and a wall thickness 0.2 mm that were filled
with distilled water both inside and between the capillaries. The
cylindrical pack was 24 mm long with a 15 mm radius including
�30 capillaries. Capillaries were randomly packed into the ma-
chined plastic holder as shown in the inset of Fig. 4F. After filling
the capillaries with water and sealing them, the bottom of the
holder was glued to the end of a flat wooden stick and centered in-
side a commercial birdcage MRI volume coil (Bruker Biospin, Bille-
rica, MA). The direction of the cylindrical axis was aligned with the
MR images until the desired orientation was set to the z direction.
The rotation around the x axis (B0 direction) was achieved by rotat-
ing the entire probe around x direction. For the y rotation, the
angled wedge was placed and glued between the sample holder
and wooden stick to align the sample toward the B0 direction at
the desired angle. The susceptibility difference between the glass
and water gives rise to an internal gradient of approximately
4 mT/m near the surface for a single cylinder. This gradient and
0 10 20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5

3

3.5

Direction of cylindrical axis (degree)

M
ax

im
um

 e
ig

en
va

lu
e

x-rotation
y-rotation

(B) Maximum Eigenvalue

ection of W tensor, which shows excellent agreement for both rotation of cylindrical
(x rotation). (B) Shows the change of maximum eigenvalue for x and y rotation,



−10

0

10

 0.7 mm

M
ea

su
re

d 
st

re
ng

th
 o

f i
nt

er
na

l g
ra

di
en

t (
m

T/
m

)

[101]

[001]

[100]

(A) : [1 0 0] 
B0

−5

0

5

[100]
[001]

0.1

0
-4 0 4

Angle resolved internal gradient strength 

(B) : [1 0 1] (C) : [0 0 1] 

−10

0

10

[101]
[001]
[100]

(D) : Experiments (E) : Calculations (F) : Histograms

C
al

cu
la

te
d 

st
re

ng
th

 in
te

rn
al

 g
ra

di
en

t (
m

T/
m

)

 0.7 mm

Capillaries

7.
5m

m

7.
5m

m

7.
5m

m

7.5mm 7.5mm 7.5mm

m
T/

m

(mT/m)

Fig. 4. (A)–(C) show the strength of the experimentally measured internal gradients along three different directions. (D) and (E) Compare the line intensities of measured
internal gradient strength with that of numerical calculations along the line segment shown in C for three different orientations. (F) Overlays both the histogram distribution
of the internal gradients along the x (A) and z (C) directions, respectively.
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the internal field calculations are shown in Fig. 1B for a 4.7-T NMR
system (Bruker Biospin, Billerica, MA).
3. Experimental results

In initial experiments, the simulation parameters were com-
pared to experimental measurements of the internal gradient
using stimulated echo sequence. The measured decay rate due
to diffusion inside internal gradient for the image voxel close to
the surface of one of the capillaries and was 2.9 (1/s). This
decay rate was converted to the strength of internal gradient
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Fig. 5. In (A), the dotted lines plot the directions of the three principal eigenvectors estim
the capillary pack (solid lines). (B) Compares the direction of the measured minimum eigen
at oblique angles with respect to the B0 magnetic field. (0�, 10� and 20� are labeled as (
using 1=Tint ¼ c2t2
e Dg2

int to obtain 3.8 mT/m (te = 40 ms,D = 1.8 �
10�5 cm2/s). The experimentally measured internal gradient values
were similar to the values from the calculation shown in Fig. 1B.

Next, the individual decay rates for three different orientations
([100], [101], [001]) of~gext were measured, and the terms~gext �~gint

are presented in Fig. 4A–C. The applied external gradient pulse was
5 mT/m and 35 ms long during the encoding time of the three dif-
ferent directions. The diffusion constants were measured and
found to be identical in the capillary-free region of the samples
along different directions. The total encoding time was 70 ms.
The diffusion time was varied sequentially from 50 to 500 ms
and the corresponding decay rates were evaluated by exponential
0
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fitting for each pixel. Each decay rate measurement was subtracted
from reference experiments with ~gext ¼ 0 so that only the cross-
term ~gext �~gint was extracted. The g2

ext term, which adds a constant
value to the distribution, was subtracted as well. For three different
orientations, Fig. 4D and E compare the line intensities of the mea-
sured internal gradient strength with that of the numerical calcu-
lations along the line segment shown in (C). Consistent with the
simulations, the strength of the angle-resolved internal gradient
was the strongest along the [100] direction. Fig. 4F plots the corre-
sponding histogram of the~gint distribution along the x ([100]) and
z ([001]) directions and, as expected, shows a narrower distribu-
tion along the z direction. An imperfect alignment of the cylinders
is likely to give rise to some extent of the z component of ~gint , as
shown by the trigonal pore in the above figure, where the internal
gradient is relatively strong.

With the same configuration, the measurements were re-
peated for the six different orientations ([110], [�110], [01�1],
[0�1�1], [10�1], [�10�1]) of ~gext to obtain the corresponding
width of the distribution of each direction. A series of experi-
ments was repeated with three different random cylinder packing
to determine the reproducibility of the technique. From these
measurements, the width tensor W was obtained by inverting
Eq. (7). Subsequently, matrix diagonalization was followed to find
the minimum eigenvector direction. Fig. 5A shows a comparison
between the three eigenvectors derived from the these measure-
ments (dotted lines) superimposed on the principal axes of the
capillaries, where z is the direction of the long cylindrical axis.
In all cases, the direction of the minimum eigenvector determined
the direction of the long cylindrical axis within 3� with all eigen-
vectors orthogonal to each other. As there is no preferred direc-
tions of two of the eigenvectors on the x–y plane, one
eigenvector of W tensor was aligned with one of the dotted lines
on the x–y plane.
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various combinations are plotted.
To test the method in the case of oblique angles, two additional
experiments were performed. In the first experiment, the capillary
pack was rotated 20� around the y axis, while the magnetic field
was maintained along the x direction. Measurements for the six
different orientations with reference experiments were conducted,
and the corresponding direction of the minimum eigenvalues was
calculated. The eigenvector with the minimum width (dotted line
(3)) was found to tilt 18.2� from the [001] (z) direction around
the y axis. These data and, the expected direction of the capillary
(solid line (3)) are shown in Fig. 5B. In the second experiment,
the capillary pack was rotated 10� around the x axis and the same
experiments were repeated. The eigenvector with the minimum
width (dotted line (2)) was found to tilt 11.2� from the [001] direc-
tion around the x axis. These data and the expected direction of the
capillary (solid line (2)) are shown in Fig. 5B.

It is worthwhile to consider cases when the spatial resolution is
insufficient to fully resolve the pore structure so that only the dis-
tributions of the internal gradients can be measured. This is partic-
ularly important for in vivo MRI applications. In these cases, the
variation of ~gint exists within a single image voxel, and the mea-
sured MR signal in the voxel is a weighted exponential function,
S ¼ Rif ðgiÞe�td=Teff , where f(gi) and Teff are the weight and the total
decay rates associated with the corresponding internal gradient,
respectively, and td is the diffusion time. The value of f(gi) was esti-
mated from the calculated internal gradient distribution along dif-
ferent directions, and 1/Teff was modeled to follow the magnitude
of g2

int þ g2
ext þ 2~gext �~gint from the theoretical calculations. Fig. 6A

plots the signal S, as a function of td and ~gext along the x, y and z
directions, respectively. Highly non-exponential decay was ob-
served for ~gext along x and y axes, where the internal gradient has
a broad distribution. The signal was seen to be nearly mono-expo-
nential for ~gext along the z direction, which is parallel to the cylin-
drical axis. Fig. 6B shows the corresponding experimental
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measurements of the decay of the magnetization for ~gext along x, y
and z axes, showing an identical trend to the theoretical values. It is
possible to use the inverse Laplace transform for each voxel to ob-
tain the width of the internal gradient distribution along each
direction followed by an eigenvector analysis to obtain the direc-
tion of the minimum eigenvalue. However, the degree of deviation
from single exponential behavior is supposed to characterize the
width of the underlying distribution of the internal gradient well.
Thus, the difference in the signal at a particular time point along
each direction can be measured in reference to that of a single
exponential curve and an eigenvector analysis can be subsequently
used to perform the tractography with these data.

To experimentally confirm the sensitivity of the tractography
for a low-resolution signal with gradient distributions, the total
signal at corresponding diffusion time was plotted for various dif-
fusion time points for six different orientations, as shown in
Fig. 6C. The direction of the cylindrical axis was along the z direc-
tion, whereas the direction of the B0 field is along the x direction. A
clear deviation from single exponential decay was observed for~gext

along both the [110] and [�110] directions, which shows the
maximum width of the gradient distributions. Less deviation was
observed for the remaining directions containing the z component
of the external field gradients. To find the direction of the cylindri-
cal axis, the deviation from the single exponential curve was esti-
mated for each of the six directions at each time point by dividing
the corresponding data with respect to the single exponential
curve. The directions of the minimum eigenvalue of these ratios
were then estimated at a particular time point. The direction of
the minimum eigenvalue was seen to fall within 2� of the deviation
from the z direction for the three representative time points.

Finally, to test the angular sampling dependence of the eigen-
vector determination for the six orientation measurements, nine
directions ([110], [�110], [01�1], [0�1�1], [10�1], [�10�1],
[100], [010], [00�1]) were sampled and the corresponding widths
were estimated with both theoretical and experimental data.
Fig. 6D summarizes both the experimental and theoretical devia-
tion errors for the direction of the minimum eigenvalues, which
was determined from the width measurements from six of the
51 combinations of directions. The condition number of the in-
verted matrix was less than six for all cases plotted in the figure.
4. Conclusions and discussions

In summary, we have both theoretically and experimentally
demonstrated the feasibility of using a magnetic-field anisotropy-
based MRI method to obtain fiber orientations in a randomly
packed capillary model without the need to reorient the subject
with respect to the direction of the main magnetic field. A distinct
angular dependence of the internal gradient distribution was ob-
served when the main magnetic field direction did not coincide
with the direction of cylindrical axis. The widths of the resulting
distribution along the six independent directions were used to esti-
mate the minimum width eigenvalue and eigenvector, analogous to
that of conventional DTI technique, where the maximum eigenvec-
tor of ADC was obtained for tractography. The direction of the min-
imum width eigenvalue of the internal gradient distribution was
shown to follow the direction of the long cylindrical axis of the
capillaries, demonstrating the feasibility of the proposed method
as an alternative tractography method. The sensitivity of the inter-
ference contrast between internal and external gradients was also
verified and an alternative data processing method is presented in
the case of limited image resolution as well.

The methods developed presented in this study have two
important advantages. First, these magnetic field anisotropy based
methods may be sensitive to the fiber orientation, whereas the use
of conventional DTI may not be possible when there are small
angular variations of the ADC values for large vessels or significant
susceptibility-induced magnetic field interference at higher mag-
netic field strength. Accordingly, the methods we have developed
may become an important complement to conventional DTI in
such cases. Second, recently reported susceptibility tensor imaging
[7,8] methods may provide new structural in vivo contrast, but
may not be practical, because they require reorientation of the sub-
ject in side the magnet. The presently described method utilizes
the angular variations of the interference pattern of the internal
and external gradients. As external gradient directions can be rou-
tinely rotated to obtain the desired angular contrast, the proposed
method may offer a more practical way to obtain anisotropy infor-
mation for fiber materials than conventional susceptibility tensor
imaging methods, which require cumbersome sample rotations in-
side the magnet. Further validation of this method requires study
of the sensitivity of the interference effect as a function of diffusion
and the structural length of various system and in vivo verifica-
tions in animal model using intravascular contrast agents.
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Appendix A

Assignment of six non-colinear directions:

1: Xh = [1,�1,0,0,1,�1];
2: Yh = [1,1,1,�1,0,0];
3: Zh = [0,0,�1,�1,�1,�1];

Normalization:

4: for m = 1:6
5: X = Xh(m);
6: Y = Yh(m);
7: Z = Zh(m);
8: X = X./(sqrt(X.2 + Y.2 + Z.2));
9: Y = Y./(sqrt(X.2 + Y.2 + Z.2));

10: Z = Z./(sqrt(X.2 + Y.2 + Z.2));

Measurement matrix along six directions:

11: M(m,:) = [X.2,Y.2,Z.2,2	X.	Y,2	Y.	Z,2	Z.	X];
12: m = m + 1;
13: end
Width vector along six directions (width1 = 3.63,width2 = 3.67,
width3 = 1.56, width4 = 1.56, width5 = 1.56, width6 = 1.56):

14: W = [width1,width2,width3,width4,width5,width6]0;

Calculation of width tensor:

15: A = inv(M)	W;
16: a = A(1,:);



S.H. Han et al. / Journal of Magnetic Resonance 212 (2011) 386–393 393
17: b = A(2,:);
18: c = A(3,:);
19: d = A(4,:);
20: e = A(5,:);
21: f = A(6,:);
22: TS = [a,d, f; d,b,e; f,e,c];

Diagonalization:
23: [V,D] = eig(TS)
Angle between the minimum eigenvector and [001] (cylindri-
cal axis) direction:

24: VV = V(:,1)0;
25: C = dot(VV, [0,0,1]);
26: VVV = sqrt((VV(1))2 + (VV(2))2 + (VV(3))2);
27: ang = acos(C/VVV) 	 (180/pi)
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