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Abstract

The q-space imaging techniques and high angular resolution diffusion (HARD) imaging have shown promise to identify intravoxel mul-
tiple fibers. The measured orientation distribution function (ODF) and apparent diffusion coefficient (ADC) profiles can be used to identify
the orientations of the actual intravoxel fibers. The present study aims to examine the accuracy of these profile-based orientation methods
by comparing the angular deviations between the estimated local maxima of the profiles and the real fiber orientation for a fiber crossing
simulated with various intersection angles under different b values in diffusion-weighted MRI experiments. Both noisy and noise-free envi-
ronments were investigated. The diffusion spectrum imaging (DSI), q-ball imaging (QBI), and HARD techniques were used to generate
ODF and ADC profiles. To provide a better comparison between ODF and ADC techniques, the phase-corrected angular deviations were
also presented for the ADC method based on a circular spectrum mapping method. The results indicate that systematic angular deviations
exist between the actual fiber orientations and the corresponding local maxima of either the ADC or ODF profiles. All methods are apt to
underestimation of acute intersection and overestimation of obtuse intersection angle. For a typical slow-exchange fiber crossing, the ODF
methods have a non-deviation zone around the 90� intersection. Before the phase-correction, the deviation of ADC profiles approaches a
peak at the 90� intersection, while after the correction the ADC deviations are significantly reduced. When the b factor is larger than
1000 s/mm2, the ODF methods have smaller angular deviations than the ADC methods for the intersections close to 90�. QBI method
demonstrates a slight yet consistent advantage over the DSI method under the same conditions. In the noisy environment, the mean value
of the deviation angles shows a high consistency with the corresponding deviation in the nose-free condition.
Published by Elsevier Inc.
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1. Introduction

Diffusion tensor imaging (DTI) has been established as a
powerful tool for non-invasive investigation of white mat-
ter structures and connectivities in vivo [1–3]. Fiber track-
ing techniques have also been developed to delineate neural
pathways based on the assumption that the major eigenvec-
tor of the diffusion tensor should be oriented parallel with
local white matter fibers [4–6]. However, the validity of the
DTI-based tractography is confounded by the fact that the
primary eigenvector of the diffusion tensor may be serious-
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ly biased from the actual fiber direction if multiple fiber
compartments share a single voxel [7,8]. This inability of
DTI is technically due to the fact that the tensor model is
a 2nd order approximation of a possible complex diffusion
pattern [9], and consequently can provide only one global
maximal direction corresponding to the primary eigenvec-
tor. In recent years, more elaborate acquisition and analy-
sis strategies, including q-space imaging and high angular
resolution diffusion (HARD) imaging techniques have been
developed to tackle this challenge [10–24].

Q-space imaging techniques identify multiple fibers
components by calculating the probability distribution
function (PDF) of the diffusion process in each voxel,
based on the Fourier transform (FT) relationship between
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the PDF of diffusion displacement and the diffusion-
weighted signal attenuation in q-space [10–12]. Even under
the practical setting of finite pulse width, there is growing
evidence that the estimated PDF is still a reasonable
description of local diffusion and microstructural organiza-
tion in brain tissues [13]. Diffusion spectrum imaging (DSI)
has been proposed to estimate the diffusion PDF from a
large number of data acquisitions in 3D q-space [14]. A
study to assess the accuracy of DSI was performed on
phantoms and animal models in practical MRI settings
[15]. In DSI, the multiple fiber orientations are usually rep-
resented by the PDF angular structure, i.e. the orientation
distribution function (ODF) that can be obtained by a
radial integral of the PDF [15]. A modified technique,
named q-ball imaging (QBI), has been proposed to acquire
data only on a spherical surface in the q-space and to esti-
mate the ODF directly from these data [16,17]. For both
DSI and QBI methods, it is generally assumed that the
multiple local maxima of the ODF profile should represent
the actual orientations of multiple intravoxel fibers [15–17].

High angular resolution diffusion (HARD) techniques
have also been developed to characterize the apparent dif-
fusion coefficient (ADC) profiles for the intravoxel fibers
[18–24]. Alexander et al. [20] and Frank [21] proposed
the idea of using spherical harmonic decomposition
(SHD) to characterize the 3-D apparent diffusion coeffi-
cient (ADC) profile measured by HARD imaging. In gen-
eral, the lower order (0th or 2nd) spherical harmonics
represent the isotropic diffusion or single fiber diffusion
patterns, while the higher orders (4th or higher) represent
non-Gaussian patterns associated with intravoxel multiple
fiber components. Zhan et al. proposed a ‘‘diffusion circu-
lar spectrum mapping’’ (DCSM) method that examines
only the ADC distribution along the circle spanned by
the major and medium eigenvectors, and applies a 1-D
FT onto this circular ADC distribution [22,23]. Unlike
the q-space techniques, the local maxima of ADC profiles
generally cannot be used to directly represent the orienta-
tions for the intravoxel crossing fibers. However, the orien-
tations of the fiber crossings may be identified by
incorporating both amplitude and phase information of
the decomposed harmonics of the ADC profile, as demon-
strated in [23].

The ability to identify fiber-crossings in both q-space
and HARD imaging techniques stem from a common
characteristic of ODF and ADC profiles, i.e. both meth-
ods allow multiple local maxima to appear on the esti-
mated profiles. The angular accuracy of the local
maxima in the profiles with respect to the actual fiber
orientations would be crucial for the fiber tracking tech-
niques because of the accumulative manner of the angu-
lar deviations along the tracking trajectory [15–17,19]. In
previous studies, a mismatch between the orientation of
a fiber crossing and the local maxima of its ADC profile
has been pointed out [20,23,24], and the change of ODF
profile sharpness has been reported [16,17]. Recently,
Ozarslan et al. proposed a method applying the SHD
technique to the ODF profiles and examined the orienta-
tion deviations for a few multiple fiber cases [25]. How-
ever, a systematic investigation onto the angular
deviations between the local maxima of the ODF/ADC
profiles and the orientations of the real intravoxel fibers
have not yet been performed. The explicit relationship
between the angular deviation and various conditions
of the fiber crossing, e.g. the intersection angle, b factor,
and noise level, remains unclear. Moreover, no effort has
been reported in comparing the accuracy of identifying
multiple-fiber orientations among various q-space and
HARD imaging techniques. Resolving these issues is nec-
essary to allow these beyond-tensor diffusion MRI tech-
niques to serve as reliable tools in delineating white
matter structures and neuronal pathways.

In this paper, a simulation study is presented to
address the questions described above. A ‘‘general fiber
crossing’’ with various intersection angles (0�–180�) is
used to simulate the diffusion-weighting MRI experi-
ments with different b values (1000–10,000 s2/mm). The
effects of imaging noise are also investigated by simulat-
ing both noise-free and noisy environments with different
noise levels. The HARD, DSI and QBI techniques are
implemented to estimate the ADC and ODF profiles of
the general fiber crossing with various parameters. The
angular deviations of the local maxima of the diffusion
profiles are measured by the angle between the directions
of the estimated local maxima and the known corre-
sponding fiber orientations. To ensure a better compari-
son between ADC and ODF methods, the DCSM phase
technique in [23] is also implemented to provide the cor-
rected deviation angles for the ADC profiles.
2. Method

2.1. ADC modeling

The effective ADC profile D(h,/) (0 6 h 6 p, 0 < h 6 2p)
of an ideal cylindrical symmetric single fiber can be written
[26] as

Dðh;/Þ ¼ VT

kVk � A
T �

k1

bk1

bk1

2
64

3
75 � A � V

kVk ð1Þ

where V denotes the vector of diffusion encoding direction
and k1 is the maximal ADC measured in the direction paral-
lel to the fiber. The ratio 0 < b < 1 reflects the degree of linear
anisotropy. A is the rotation matrix determined by the fiber
orientation whose spherical coordinates (h,/) (0 6 h 6 p,
0 < h 6 2p) represent the polar and azimuthal angle, respec-
tively, such that

A ¼
sin / � cos / 0

cos / cos h sin / cos h � sin h
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Thus, in a simulated ideal diffusion-weighted MRI experi-
ment, the signal attenuation profile of this single fiber is
given by E = S/S0 = exp{�bD(h,/)}, where b is the b fac-
tor used in the diffusion MRI experiment, while S and S0

are the measured signal identities with and without the dif-
fusion-weighting, respectively.

Let D1(h1,/1) and D2(h2,/2) be the ADC profiles of two
intravoxel fibers that satisfy the relationships described in
Eqs. (1) and (2). Under the condition of slow water exchange
between the two fiber compartments, the equivalent signal
attenuation profile of the fiber crossing can be estimated
[27] by

E ¼ f � expf�bD1ðh1;/1Þg þ ð1� f Þ expf�bD2ðh2;/2Þg
ð3Þ

where f and (1 � f) are the signal fractions representing the
ratio of the first and second fibers sharing the voxel, respec-
tively. The present investigation will focus on the typical fiber
crossing of equal-fraction (f = 0.5) and fast water exchange.
By using the partial voxel signal modeling of Eq. (3), the
effective ADC profile of the intravoxel fiber crossing can be
estimated by Dapp(h,/) = �log(E)/b.

Diffusion circular spectrum mapping (DCSM) methods
[22,23] are used to obtain a phase-corrected angular devia-
tion results for the ADC profile. For an equal-fraction
slow-exchange fiber crossing, the 4th order harmonic of the
circular spectrum can be written [23] as

D4
CS

�� �� ¼ bðb� 1Þ2k2
1

16
cos½4 � X� þ bðb� 1Þ2k2

1 þ 8ðbþ 1Þk1

16

and ang D4
CS

� �
¼ 4 � X

ð4Þ

where jD4
CSj and angfD4

CSg are the magnitude and phase of
the 4th order circular harmonic, respectively, whereas X de-
notes the crossing intersection angle between the two fibers.
The phase-correction procedure [23] is applied to the fiber
crossing with 4th order circular harmonic magnitude higher
than the thresholding, i.e. jD4

CSjP 0:5 � bðbþ 1Þk1, which is
corresponding to the fiber crossing with the intersection an-
gle between 45� and 135�.

2.2. Diffusion spectrum imaging

In the context of the Stejskal and Tanner experiment
[28] with a narrow width (d) and a high magnitude of
the diffusion-weighting pulsed gradients (g), the MR
echo attenuation E(q) is related to the probability distri-
bution function PDF(r) of the diffusion displacement by
a Fourier transform pair, i.e. PDF(r) = FT�1{E(q)} [12],
where q is the diffusion wavevector (q = (2p)�1 Æ c Æ d Æ g)
in the q-space and r is the radial vector in the imaging
space. For spherical coordinates, denote q = (r,h,/)
and r = (R,H,U), the Fourier relationship can be
rewritten as
PDFðR;H;UÞ ¼
Z p

0

Z 2p

0

Z 1

0

Eðr; h;/Þ

� expf2pjRr½cos H cos h

þ sin H sin h cosð/� UÞ�gr2

� sin hdr d/dh ð5Þ

In the applications for identifying multiple intravoxel fi-
bers, we are usually only interested in the angular structure
of the PDF, thus the orientation distribution function
ODF(H,U) is defined as the radial projection of
PDF(R,H,U), such that

ODFðH;UÞ ¼
Z 1

0

PDFðR;H;UÞdR

¼
Z p

0

Z 2p

0

Z 1

0

Z 1

0

Eðr; h;/Þ

� expf2pjRr½cos H cos h

þ sin H sin h cosð/� UÞ�gr2

� sin hdRdr d/dh ð6Þ

To simplify the ODF calculation above, we may first calcu-
late the ODF polar value ODF(0, 0) with H = 0 and U = 0,
i.e.

ODFð0; 0Þ ¼
Z p

0

Z 2p

0

Eðh;/Þ

�
Z 1

0

cos½2pjRðcos hÞ� sin hdR
� �

d/dh ð7Þ

where the infinite integration along R coordinate can be
normalized to an finite interval [0, 1], under consideration
of the spherical symmetry of the diffusion anisotropy, i.e.
E(r,h,/) = E(r,p � h,p + /). It is noted that the ODF val-
ue at arbitrary orientation (H,U) can be calculated from
ODF(0, 0) through a spherical rotation.

2.3. Q-ball imaging

QBI method calculates the ODF of the diffusion process
in each voxel by applying a spherical topographic inversion
called Funk-Radon transform (FRT) onto the value of uni-
ty |q| acquisition, i.e. the ‘‘q-ball’’. As described in [17], for
an arbitrary direction of interest u, an FRT of a spherical
distribution p(u) is defined as the integration over the cor-
responding equator, i.e.

FRTðpðuÞÞ ¼
Z

w?u

pðwÞdw ð8Þ

where integral vector w is located in the plane perpendicu-
lar to the given direction u. Tuch et al. [18] has demonstrat-
ed that the ODF can be well approximated by the FRT of
the diffusion signal on the q-ball, such that

ODFðuÞ ¼ FRTðEðuÞÞ ¼
Z

q?u

EðqÞdq ð9Þ

Similar to the previous case of DSI method, the calculation
of ODF profile can be exemplified by the calculation of the
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ODF value at polar angle (H = 0, U = 0). Thus, we may re-
write Eq. (9) as following:

ODFð0; 0Þ ¼
Z p

0

Z 2p

0

Eðh;/ÞW ðhÞd/dh ð10Þ

where the weighting function W(h) has the unit value only
at the place where h = p/2, so as to form the integral path
along the equator of the polar direction.

A comparison between Eqs. (7) and (10) indicates that
both DSI and QBI methods can resolve the ODF profile
through a similar algorithm of integration over the q-ball
profile, but using different weighting functions. The inte-
gral weighting function used by the DSI method has a
‘‘Mexican-hat’’ shape with a maximum value at h = p/2,
corresponding to the equator with respect to the polar axis.
For the QBI method, the integral weighting function W(h)
degenerates to a d function shape pulse located at the equa-
tor position.

2.4. Computer simulations

The diffusion-weighted MR signals and the ADC profiles
of a general fiber crossing were generated according to Eqs.
(1)–(3). For each intravoxel fiber, the anisotropic parameter
was set as b = 0.1 and the maximal ADC corresponding to
ODF

Fiber 1

Fiber 2

Maxima

A

C

B

Fig. 1. The two-dimensional ODF profiles (measured by DSI method) of
typical slow exchange fiber crossings simulated with f = 0.5 and b = of
5000 (s2/mm). The two intravoxel fibers are placed inside the plane of the
paper. The dashed thin lines with blue, black and red colors represent the
actual orientation of the fiber 1, fiber 2 and the orientation of fiber 2
estimated by the local maxima on the ODF profile, respectively. (A) The
ODF profile of an orthogonal fiber crossing X12 = 90�. No deviation angle
is detected between the profile local maxima and the actual fiber
orientation. (B) The ODF profile of a fiber crossing with an acute
intersection angle X12 = 56�. A small deviation angle between the red and
black lines represents a slight underestimation of the actual intersection
angle. (C) The ODF profile of a fiber crossing with an obtuse intersection
angle X12 = 124�. A small deviation angle between the red and black lines
represents a slight overestimation of the obtuse intersection angle. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
the major eigenvalue was set as k1 = 1 · 10�3 mm2/s, simu-
lating a white matter tract with fractional anisotropy (FA)
value of 0.89. The corresponding ODF profiles were calcu-
lated by DSI and QBI methods as described in Eqs. (7) and
(10), respectively. Different b values (1000–10,000 s2/mm)
with an interval of 500 s2/mm were used in the simulations
of the diffusion-weighted MR experiments.

Both noise-free and noisy contaminations were simulated
in our study. To evaluate the effects of realistic noisy condi-
tions, the Rician-distributed noises were artificially added to
the MR signal intensities in the simulated diffusion-weighted
experiments. The signal-to-noise ratio (SNR) was set as 20,
40, 60, 80, 100 and 120, respectively, defined for the non-dif-
fusion reference images. According to the analysis in [29],
the mean (g) and standard deviation (SD) (rg) of the
Rician-distributed noise in the magnitude-reconstructed sig-
nals can be expressed as g ¼ r

ffiffiffiffiffiffiffiffi
p=2

p
and rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� ðp=2Þ

p
,

respectively, where r is the SD of the MR signal.
A total of 181 intersection angles of the fiber crossing

were simulated ranging from 0� to 180� with an interval
of 1�. For simplicity, the first fiber was placed at a fixed ori-
entation, e.g. the polar direction (h1 = 0,/1 = 0), while the
second fiber was orientated on a latitude circle according to
the intersection angle, i.e. (h2 = 0 � p,/2 = 0). As illustrat-
ed in Figs. 1 and 2, each intravoxel fiber produced a pair of
centrally symmetric local maxima (at the opposite
ADC

Fiber 1

Fiber 2

Maxima
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C

B

Fig. 2. The two-dimensional ADC profiles of the same fiber crossings as
those shown in Fig. 1, simulated with b = 5000 (s2/mm). The dashed thin
lines with color of blue, black and red are used to represent the actual
orientation of the fiber 1, fiber 2 and the orientation of fiber 2 estimated by
ADC local maxima, respectively. (A) The ADC profile of an orthogonal
fiber crossing X12 = 90�. A deviation angle of 45� is spanned between the
ADC profile local maxima and the actual fiber orientation. (B) The ADC
profile of a fiber crossing with an acute intersection angle X12 = 56�. A
deviation angle of 28� is spanned between the ADC profile local maxima
and the actual fiber orientation. (C) The ADC profile of a fiber crossing
with an obtuse intersection angle X12 = 124�. A deviation angle of 28� is
spanned between the ADC profile local maxima and the actual fiber
orientation. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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directions for each other) on the calculated ODF or ADC
profiles. The local maxima produced by the second fiber
were identified by an optimization process to achieve the
maximum of the ODF or ADC value from an initial point
corresponding to the actual second fiber direction (h2,/2).
Let ðh02;/

0
2Þ be the spherical coordinates of the estimated

local maxima, the estimated fiber intersection angle is
defined as X012 ¼ X½ðh02;/

0
2Þ; ðh1;/1Þ�, where X [•,•] denotes

the angle spanned between 2 directions. Similarly, X12 =
X[(h2,/2), (h1,/1)] is used to denote the actual intersection
angle between (h2,/2) and (h1,/1). The deviation angle of
the profile is then given by dH ¼ X012 � X12. For the ADC
profile, the phase-corrected deviation angle can be
expressed as

dH ¼
dH jD4

CSj < 0:5 � bðbþ 1Þk1

dH� ang D4
CS

� �
=4 jD4

CSjP 0:5 � bðbþ 1Þk1

(

ð11Þ
3. Results

3.1. ODF and ADC profiles

A slow-exchange fiber crossing with equal signal contri-
bution was chosen to demonstrate typical behaviors of the
ODF and ADC profiles that were estimated with a fixed b

value of 5000 s2/mm. Fig. 1 illustrates the two-dimensional
Fig. 3. The effects of b value on the angular deviations with respect to the inter
after phase-correction methods, respectively. In each subfigure, 10 curves corres
deviation curves of DSI method. A higher b value leads to smaller deviation
negligible. (B) The deviation curves of QBI method have the similar pattern of
magnitudes and wider zones of minimal deviation. (C) The deviation curves of
intersection angle. The 10 curves corresponding to the different b values are ove
The angular deviations are significantly reduced compared with (C).
ODF profiles calculated by the DSI method, where subfig-
ures A, B and C correspond to the fiber crossing with inter-
section angles (X12) of 90�, 56� and 124�, respectively. In
Fig. 1A, the ODF profile of the orthogonal fiber crossing
has a symmetric 4-leaf shape. The local maxima of the
ODF profile correspond perfectly to the intravoxel fiber ori-
entations as indicated by the dashed lines, and the estimated
fiber 2 (dashed red line) has the same orientation as the actual
fiber 2. In Fig. 1B and C, the unevenly distributed ODF max-
ima result in an angular deviation, i.e. slight underestimation
for the acute intersection but over estimation for the obtuse
intersection, between the estimated fiber 2 (dashed read line)
and the actual fiber 2 (dashed black line).

Similarly, Figs. 2A–C illustrate the two-dimensional
ADC profiles of the same fiber crossings with intersection
angles of 90�, 56� and 124�, respectively. In Fig. 2A, the
intravoxel fibers are actually orientated corresponding to
the local minima of the ADC profile for the orthogonal
fiber crossing. A deviation angle of 45� would be detected
if the local maxima method were applied to the ADC pro-
file. In Fig. 2B, the deviation angle between the local max-
imum and the real fiber orientation is 28�, which is the half
of the fiber intersection angle of 56�. In Fig. 2C, the 28�
deviation angle lies on the other side from the estimated
local maximum to the real fiber orientation. Compared
with Fig. 1, the ADC profiles have larger angular devia-
tions (without the phase-correction) than the correspond-
ing ODF profiles.
section angle are illustrated in (A–D) for DSI, QBI, ADC before and ADC
pond to the b values ranging from 1000 to 10,000 (s2/mm). (A) The angular

magnitudes and a wider angular zone where the angular devotions are
the DSI curves. Comparatively, QBI curves have slightly smaller deviation
ADC method before phase-correction have a linear relationship with the

rlapped. (D) The deviation curves of ADC method after phase-correction.
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3.2. Effects of b value

The effects of b value on the behavior of the deviation
angle were examined using fiber crossings with equal frac-
tion and slow water-exchange. The deviation angles of DSI
and QBI methods at various b values are illustrated in
Fig. 3A and B, respectively. For the ADC methods, the
angular deviations are plotted in Fig. 3C and D for the
results before and after the phase-correction, respectively.
In each subfigure, 10 deviation angle curves corresponding
to b values ranging from 1000 to 10,000 (s2/mm) are plot-
ted with respect to the fiber crossing intersection angle. All
these curves are centrally symmetric about the orthogonal
intersection. Negative deviation angles (i.e. underestima-
tion) are observed for the acute intersections, whereas posi-
tive angular deviations (i.e. overestimation) occur at the
obtuse intersections.

In general, the ODF methods (i.e. DSI and QBI) have
very similar behavior, but are different from the ADC
methods. The deviation angles of DSI and QBI methods
are convergent to zero when the intersection angle
approaches to 90�, 0� or 180�. For both DSI and QBI,
the magnitudes of the deviation angle reach the peaks of
15�–22� when the intersection angle is around 25�–65�.
Under the same b value condition, QBI has a slightly small-
er peak deviation magnitude than that of the DSI, and the
intersection angle corresponding to the peak deviation is
also slightly smaller (for acute intersections) than that of
the DSI method. For DSI and QBI methods, the magni-
tude of the angular deviation is lower when a higher b value
is used. The intersection angle corresponding to the peak
deviation angle slightly shifts to the lower (for the acute
intersections) or higher (for the obtuse intersections) ends
with higher b values. It is observed that the shifting of
the peak intersection angle tends to be saturated when
the b factor approaches very high values (e.g. the
10,000 s2/mm). For high b values, the angular deviation
of DSI and QBI methods are negligible in an zone centered
at the 90� intersection. The width of non-deviation zone
increases with higher b values, and becomes saturated when
the b value is over 10,000 (s2/mm). Under the same b val-
ues, the QBI’s deviation angles are slightly (2�–5�) smaller
than those of DSI.

As shown in Fig. 3C and D, the angular deviation curves
of the ADC methods are almost overlapped for different b

values, indicating that the b value has little effect on the
angular deviation of the ADC method. Before the phase-
correction, the magnitude of deviation angle of the ADC
profile is proportional to the intersection angle (the half
of the acute intersection angle). When the intersection
angle approaches 90�, an abrupt flip of the angular devia-
tions occurs between the two peaks of �45� and 45�. After
the phase-correction, the ADC method has maximal devi-
ation of 22.5�, which appears at the 45� and 135� interac-
tion points, whereas the 0� deviation appears at the 90�
intersection. In general, angular deviation cures of the
ADC method are relatively closer to the ODF methods
after the phase-correction. However, the non-deviation
zone of the ODF methods cannot be observed around
the 90� intersection for the phase-corrected ADC method.
For the b values larger than 1000 s/mm2, the ODF methods
generally have smaller angular deviations than the ADC
methods, especially for the intersections close to 90�. When
the intersection angle approximates 0� or 180�, the angular
deviations estimated by the ADC methods are convergent
to (or slightly larger than) those of the DSI and QBI
methods.

3.3. Effects of imaging noise

Above results were obtained from the noise-free envi-
ronment. To demonstrate the effects of the Rician-dis-
tributed noise contamination in the diffusion-weighted
MRI experiments, the angular deviations of the general
fiber crossing were estimated by the mean value and the
standard deviation (SD). The slow-exchange equal frac-
tion fiber crossing was selected to present the results of
the imaging noise effects. The mean and SD of the
angular deviations are plotted with respect to the inter-
section angle in Figs. 4 and 5, under the conditions of b

value = 2000 and 5000 (s2/mm), respectively. In both
figures, subfigures A, B, C and D are corresponding
to the DSI, QBI, ADC before and ADC after phase-
correction methods, respectively. In each subfigure, the
solid black curve in the central position represent the
mean angular deviations, and the dashed color curves
plotted on the upper and lower sides of the mean curve
represent the SD ranges of the angular devotions asso-
ciated with different signal-to-noise ratio (SNR) ranging
from 20 to 120, which are defined regarding to the ref-
erence images without diffusion weighting. In general,
the different noise levels have little effect on the mean
angular deviation curves that are completely overlapped,
but have significant effects on the SD of the angular
deviation.

It is shown that the mean angular deviation curves
estimated in the noisy environments show a high consis-
tency with the corresponding noise-free deviation curves,
when the same b value is used. Comparing with the
noise-free curves illustrated in Fig. 3, the mean angular
deviation curves have a sharper transition around the
peaks of the mean angular deviation. However, the
intersection angles associated with the angular deviation
peaks keep the same in the noise-free and noisy envi-
ronments. For the SD of the angular deviation, it is
demonstrated that a higher SNR generally leads to a
lower SD value of the angular deviation. The compari-
son between Figs. 4 and 5 indicates that different b val-
ues may have different effects on the angular deviation
SD for the ODF and ADC methods. For the intersec-
tion angles close to 0� or 180�, the ADC methods gen-
erally have a higher SD of the angular deviation, and
show a higher sensitivity to the diffusion weighting with
a positive correlation between the b value and the



Fig. 5. The effects of the Rician-distributed noise on the angular deviations are illustrated for the slow-exchange fiber crossing under the condition of
b = 5000 (s2/mm). (A–D) corresponds the DSI, QBI, ADC before and ADC after phase correction methods, respectively. In each subfigure, the solid black
curve in the central position represents the mean angular deviations. The dashed color curves on both sides of the mean deviation curve are used to denote
the standard deviation range of the angular deviations for SNR from 20 to 120. (A) The noise effects on the angular deviations for DSI method under
b = 5000 (s2/mm). (B) The noise effects on the angular deviations for QBI method under b = 5000 (s2/mm). (C) The noise effects on the angular deviations
for ADC method before phase-correction under b = 5000 (s2/mm). (D) The noise effects on the angular deviations for ADC method after phase-correction
under b = 5000 (s2/mm).

Fig. 4. The effects of the Rician-distributed noise on the angular deviations are illustrated for the slow-exchange fiber crossing under the condition of
b = 2000 (s2/mm). (A–D) correspond the DSI, QBI, ADC before and ADC after phase correction methods, respectively. In each subfigure, the solid black
curve in the central position represents the mean angular deviations. The dashed color curves on both sides of the mean deviation curve are used to denote
the standard deviation range of the angular deviations for SNR from 20 to 120. (A) The noise effects on the angular deviations for DSI method under
b = 2000 (s2/mm). (B) The noise effects on the angular deviations for QBI method under b = 2000 (s2/mm). (C) The noise effects on the angular deviations
for ADC method before phase-correction under b = 2000 (s2/mm). (D) The noise effects on the angular deviations for ADC method after phase-correction
under b = 2000 (s2/mm).
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angular deviation SD. For the DSI and QBI methods, a
relatively larger SD of the angular deviations is illustrat-
ed around the orthogonal intersection zone where the
mean angular deviation approaches zero. It is also indi-
cated that DSI and QBI methods share a similar pat-
tern of the angular deviation SD, and the QBI shows
a slightly smaller SD values.

4. Discussion

For the DSI and QBI methods, the angular deviation
between the local maxima of the ODF profiles and the
actual fiber orientations reflect the imperfection of the q-
space methods in delineating intravoxel multiple fibers.
For the ADC profiles, the local maxima before the
phase-correction do not directly correspond to the fiber
orientations. The angular deviations are significantly
reduced after the phase correction procedure based on
the diffusion circular spectrum method (DCSM). Although
previous studies have partially revealed the distortions of
the diffusion profiles, the quantification for the angular
deviations in this study should be more important, because
it could lead to the strategies to improve the non-invasive
mapping of neuronal connectivities inside the brain. To
focus on the inherent angular properties of the diffusion
profiles in their original form, the following assumptions
have been employed in the simulations: (i) No specific dif-
fusion encoding scheme with limited number of directions
was involved in the diffusion weighing simulation. Instead,
the local maxima on the profiles were identified by an opti-
mization process with an angular searching step smaller
than 0.2�. This technique guarantees that the present simu-
lation results are independent from the number of sampling
or the encoding scheme. (ii) No additional post-processing
procedures were applied onto the ODF profiles calculated
by either DSI or QBI methods, i.e. the ODF profiles used
in the present simulations are completely ‘‘raw’’ without
any artificial enhancement or distortion. The previous tech-
niques with post-processing for the ODF profiles, as pro-
posed in [17,18,25], are not included in the present
investigation.

In the noise-free environment, it has been demonstrat-
ed that the systematic angular deviations do exist between
the actual fiber orientations and the local maxima of
either ODF or ADC profiles estimated by the beyond-ten-
sor diffusion MRI techniques. For all methods, the sym-
metric pattern of the deviation curves about the 90�
intersection is due to the symmetry of the ideal diffusion
process, i.e. the ODF (or ADC) value of any diffusion sys-
tem must have the same intensity on a pair of opposite
directions. It is also indicated that both ODF and ADC’s
local maxima tend to underestimate the acute intersection
angles and correspondingly overestimate the obtuse inter-
section angles. This can be partially explained by the
adherence between the two adjacent lobes on the ODF
or ADC profile. For a fiber crossing with an acute inter-
section, for example, the two adjacent lobes on the ODF/
ADC profile tend to adhere to each other, resulting in
shifts of the pair of local maxima in the direction towards
each other. When the intersection angle is particularly
small, the deviation curves of all the methods are actually
overlapped.

A general fiber crossing can degenerate into a single
fiber by approximating the intersection to 0� or 180�. In
this case, the simulation results in noise-free environments
indicated that the deviation angles of all the methods
decrease to zero. On the other hand, when the fiber cross-
ing approximates a ‘‘typical’’ fiber crossing, i.e. a slow-ex-
change fiber crossing with the orthogonal intersection, the
angular deviations behave differently for these methods. In
general, the ODF methods (including DSI and QBI) have a
relatively wide non-deviation deviation zone centered at the
90� intersection, especially when the b value is larger. This
result confirms the ODF methods’ ability to accurately esti-
mate the intravoxel fiber orientations for the typical fiber
crossings. For the ADC methods, the angular deviations
before and after the phase-correction have very different
behaviors. Before the correction, ADC profile’s angular
deviation linearly increases with the intersection angle with
a peak magnitude of 45� at the orthogonal intersection,
indicating the inability of the original ADC local maxima
in inferring the multiple fiber orientations. After the
phase-correction, however, the deviations converge to zero
for the orthogonal fiber crossing, and the deviation peaks
are reduced to 22.5� at the intersections of 45� or 135�.

For the intersections close to 90�, the ODF methods
generally show less angular deviations than the ADC
method even after the phase correction, especially when
the b value is larger than 1000 (s/mm2). This is because
an ADC can be regarded as the measurement of the vector
sum of all diffusivities with respect to the measurement
direction. Thus, the ADC maximum generally appears in
the middle between two crossing fibers. Differently, the
ODF value characterizes the probability density of the fiber
orientation distribution. A higher consistency between the
ODF maxima and the real fiber orientation is generally
expectable. It should be noted that the phase DCSM
method may not be the only way to do the phase correction
for the ADC profiles. Because the DCSM technique can be
regarded as a simplified version of spherical harmonic
decomposition (SHD) method [22], the phase information
of the SHD harmonics may also be utilized to achieve
the ADC orientation correction, as discussed in [19].

The b values exert significant effects on the deviation
angle behaviors of the ODF methods for the slow-exchange
fiber crossings. Use of a higher b value generally results in a
reduction of the deviation angle magnitudes and an
increase of the non-deviation zone around the 90� intersec-
tion. In practice, both DSI and QBI methods acquire data
in q-space at relatively large b values as reported in [15–17].
The present results confirm that the ODF methods do have
good accuracy in the fiber orientation estimation, especially
for those crossings close to 90� intersection. Nevertheless,
our simulations also suggest that systematic angular
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deviations do exist for the ODF methods, and the peak
deviation angle of 18�–25� occurs when the acute intersec-
tion angle is around 30�–55�, for the b values ranging from
10,000 to 1000 (s2/mm), respectively. The QBI method
demonstrates a slight yet consistent advantage over the
DSI method with smaller deviation angles under the same
conditions of intersection angle, signal fraction and b val-
ue. Unlike the ODF methods, the b values have little effects
on the angular deviations of the ADC profiles, although
the shape of the ADC profiles have been significantly chan-
ged by the b values as reported in [19,20].

In the noisy environments, the estimated mean angular
deviations show a good consistency with the angular devi-
ations measured in the noise-free environment. This prop-
erty justifies that the present noise-free angular deviation
results are still useful in estimating the actual angular devi-
ation in noisy conditions, provided that this estimation can
be repeated for many times until a stable average of the
deviation angles is reached. As revealed in [30], the non-
Gaussian property of the noise would result in the system-
atic distortion of the diffusion profiles. The present study,
however, suggests a positive perspective because the noise
would not result in significant bias of the mean angular
deviation. Our simulations also indicate that the estimated
angular deviation angles of a typical orthogonal fiber cross-
ing would be distributed in a standard deviation range of
7�–20�, corresponding to the SNR from 120 to 20 in the
diffusion reference image. Compared with the ADC
method, the ODF methods show stronger robustness
against the noise contamination for the intersection angles
close to 0� or 180�, especially in high b value conditions. In
terms of standard deviation of the angular deviations, a
slight superior of the noise robustness can be also observed
for the QBI method over the DSI method.

5. Conclusion

The present study has systematically investigated the
angular deviations between the local maxima on different
diffusion profiles and the actual fiber crossing orientations
for DSI, QBI and ADC methods. A slow-exchange fiber
crossing with varying intersection angles and signal frac-
tions was used to generate the ODF and ADC profiles
and to assess angular deviations. In general, all the meth-
ods are apt to underestimate acute intersection angles
and overestimate obtuse intersection angles. For a typical
fiber crossing, the angular deviation of ODF methods is
minimal around the 90� intersection. Originally, the ADC
method has a deviation angle proportional to the intersec-
tion angle, with a peak at the orthogonal intersection. After
the phase-correction, the angular deviations are significant-
ly reduced. The QBI method demonstrates a slight, yet con-
sistent, advantage of less deviation over the DSI method
under the same conditions. Higher b values are favorable
for achieving lower angular deviations in both DSI and
QBI methods, but have little effect on the ADC method.
In the noisy environments, the mean angular deviations
show a good consistency to the angular deviation estimated
in corresponding noise-free environment.
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